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FOREWORD 


The Iron and Steel Division Volume this year contains papers and 
publications presented at the Fall Meeting at Detroit, Mich., in October, 
1933, and at the Annual Meeting of the Institute in New York in Febru- 
ary, 1934. Those papers have been selected which, in the opinion of the 
Papers and Publications Committee, merit a permanent place in the 
Institute Transactions. 

The officers and Executive Committee of the Division wish to express 
their thanks to those who have presented the papers and discussions 
published in this volume. 

Dr. F. N. Speller’s Howe Memorial Lecture in February, 1934, 
^^The Corrosion Problem with Respect to Iron and Steel,” is worthy of 
special attention: B. F. Harlan, whose paper on “The Modern Trends 
in Blast Furnace Operation and Design” was read at the Annual Dinner 
of the Division in New York, May, 1934, was the winner of the J. E. 
Johnson, Jr., Award for 1934. 

An earnest attempt has been made recently to secure more papers 
dealing with the practical phases of the Iron and Steel Division’s work. 
The Open Hearth Committee of the Division continues to hold the 
interest and attention of open-hearth operators and metallurgists. 
The papers and discussions presented at their meetings each year are 
published in a separate volume by that Committee. No attempt has 
been made by this group to sponsor highly technical or scientific investiga- 
tions. The Division, through this Committee, encourages operating 
men to discuss their practical problems at these conferences. 

In order to increase the efficiency of the various technical committees 
of the Division, the officers and the Executive Committee propose to 
add the names of a number of the younger members of the Division to 
the present committee membership. We believe we should capitalize 
on the enthusiasm and fresh viewpoint of youth, as well as train them 
for future leadership in the Institute. 

It is the responsibility of each member of the Division to secure the 
active participation of younger technical and operating men as members 
of our Division. No organization can rest on its glorious history or its 
present laurels. We must look to the future. It belongs to youth. We 
must interest the young men in our work. With the history of accom- 
plishment and the glamour of names of great scientists, past and present, 
as our heritage, this should not be a difficult task. It means only that 
each member must make a real effort to do something for his Division 
and the Institute of which it is a part. 

3 
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FOREWORD 


Mr. Howard Eavenson, as President of the Institute for 1934, has 
said: securing a new member we can, in this way, give valuable 

support to the organization whose primary aim has always been to i)ro- 
mote the interests of the industry on which wc depend for our livelihood.'^ 

The Division conducted a very instructive and important Symposium 
on Slag Control in the Open-hearth Furnace at the 1934 Fall Meeting 
in New York. 

During the year 1933, Dr. T. D. Yensen and Dr. C. H. Herty, Jr,, were 
appointed to serve as a committee for the Iron and Stool Division to 
study the simplification and clarification of the nomenclature of Non- 
metallic Elements in Metals. A number of discussions were held with 
others who were interested, and criticism of conclusions was asked for 
and received from a number of well-known scientists and metallurgists 
in the United States and Europe. The findings of the committee were 
presented at a joint session of the Iron and Steel and Institute of Metals 
Divisions at the Annual Meeting in February, 1934. Since them, th(ur 
report has been published by the Institute under the title of “Terminology 
Relating to Nonmetallic Elements in Metals” [A.I.M.E. Tech. Pub. 555 
in Metals Technology for June, 1934] and has been sent to other 
interested scientific and engineering societies for criticism and possible 
adoption. The committee will continue its work. 

The aim of the Iron and Steel Division is to pre^sent pape^rs of interest 
and benefit to its members. The officers and Executive Committee 
welcome criticisms of its programs and the typo of papems presented at 
its meetings. It will be helpful if members will suggest the subj(H‘.ts of 
papers they would like to have presented. 

L. F. Reinartz, Chairman^ 

Iron and Steel Division. 
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The Howe Memorial Lecture 

The Howe Memorial Lecture was authorized in April, 1923, in 
memory of Henry Marion Howe, as an annual address to be delivered by 
invitation under the auspices of the Institute by an individual of recog- 
nized and outstanding attainment in the science and practice of iron and 
steel metallurgy or metallography, chosen by the Board of Directors 
upon recommendation of the Iron and Steel Division. 

So far, only American metallurgists have been invited to deliver 
the Howe lecture. It is believed that this lecture would gain in impor- 
tance and significance were it possible to include metallurgists from other 
countries, but the Institute has not yet been able to do this on account 
of lack of special funds to support this lectureship. 

The titles of the lectures and the lecturers are as follows : 

1924; What is Steel? By Albert Sauveur. 

1925, Austenite and Austenitic Steels. By John A. Mathews. 

1926 Twenty-five Years of Metallography. By William Campbell. 

1927 Alloy Steels. By Bradley Stoughton. 

1928 Significance of the Simple Steel Analysis. By Henry D. Hibbard. 

1929 Studies of Hadfield’s Manganese Steel with the lligh-power Microscope. 

By John Howe Hall. 

1930 The Future of the American Iron and Steel Industry. By Zay Jelfries. 

1931 On the Art of Metallography. By Francis F. Lucas- 

1932 On the Rates of Reactions in Solid Steel. By Edgar C. Bain. 

1933 Steelmaking Processes. By George B, Waterhouse. 

1934 The Corrosion Problem with Respect to Iron and Steel. By Frank. N. Speller. 
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The Corrosion Problem with Respect to Iron and Steel 

By Frank. N. Speller,* Pittsburgh, Pa. 


(Henry Marion Howe Memorial Lecturef) 

We are here to honor again the memory of Henry Marion Howe, one 
of the foremost metallurgists of his time, and it is indeed a great privilege 
to be called upon by the Board of Directors of this Institute to give the 
memorial address this year. 

Professor Howe started active investigation of corrosion of iron from a 
^metallurgical standpoint in 1887, and made several important contribu- 
• tions to the subject from 1895 to lOOS.^^^t The papers named in the 
^bibhography are only a few of his valuable papers, but in all his works 
he sets a high standard of scientific accuracy, together with a clearness 
and power of expression rarely equaled in engineering literature. There- 
fore it seems appropriate on this occasion to review the work on corrosion 
of this distinguished gentleman and then endeavor to make a brief 
►inventory of what has been accomplished since his time. 

Howe saw the beginning of the steel industry in America and before 
he died (May 14, 1922) witnessed it develop to a production of 45,000,- 
000 tons per year. He was naturally very much interested in the infant 
industry and was quick to see the importance of the question of corrosion. 
, It was my privilege to discuss the subject of corrosion frequently with 
, Professor Howe at various times from 1905 to 1908; in this, as in other 
^metallurgical problems, he sought the truth without bias and always 
insisted on proving an opinion or conclusion before accepting it. We 
; should remember that when Howe started his investigation of corrosion, 
in 1887, steel was rapidly supplanting wrought iron. Certain papers in 
the early eighties (now forgotten) claiming much greater durability for 
wrought iron than for steel aroused Howe’s interest. He could not 
^reconcile the statement that steel was intrinsically and incurably less 
^durable than wrought iron with the continued and widening use of steel, 
)and went to great pains to analyze the unfavorable experience often cited 
jat that time against steel. After thorough investigation of all the data 
Jand opinions produced he was able to show that the evidence in these 


* Director Department of Metallurgy and Research, National Tube Co. (Sub- 
sidiary of U. S. Steel Corporation). 

t Presented at the New York Meeting, February, 1934. Eleventh Annual Lecture. 
t Superior figures in parentheses refer to the bibliography at the end of the paper. 
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14 THE CORROSION PROBLEM WITH RESPECT TO IRON AND STEEL 

papers was untrustworthiy and there were probably no grounds for the 
prevailing opinion that steel was inherently and generally inferior to 
wrought iron in durability. He recognized the need for more extensive 
study of this problem and in 1897 started comparative tests in fresh 
vater, sea water, and in the atmosphere, on a scale nearly twenty-five 
dmes larger than any former test. He summarized all the work 
previously done on this subject, in important papers before the Inter- 
national Society for Testing Materials in 1900 and before the American 
, Society for Testing Materials in 1906 and 1908.^^^ His general conclusion 
was that the data then available showed no material difference between 
wrought iron and steel in loss of weight under most conditions. The 
influence of environment on both the actual and relative rates of corrosion 
was apparent, and yet Howe had a strong feeling that the instances cited 
of exceptionally short life of steel might be due to exceptionally poor 
material. Furthermore, the unusual life occasionally reported for 
wrought iron was probably due to favorable environment and was not 
typical. This has been amply substantiated by later experience. Since 
better control over the uniformity of steel has been obtained, this factor 
has been shown to be less significant than other factors that are entirely 
independent of the metal. He pointed outdater that the depth of pitting 
should be determined, as well as loss in weight; that the tests should be 
continued to destruction, and that all previous tests (including his own) 
were incomplete in this respect. He summed up the situation briefly 
and clearly in 1906 in the following words 

On one hand we have the very general public opinion that steel corrodes not only 
faster but very much faster than wrought iron, an opinion held so widely and so 
strongly that it caimot be ignored. Smoke does not prove that fire exists; but such a 
strong smoke bids us look carefully for fixe. On the other hand, we have the results 
of direct experiments by a great many observers, in different countries and under 
widely differing conditions; and these results certainly tend to show that this popular 
belief is completely wrong, and that on the whole there is no very great difference 
between the corrosion of steel and wrought iron. 

Admitting that the experimental data were not altogether trust- 
worthy, he pointed out that much of the so-called practical experience 
cited in this controversy was even more questionable, and that, as several 
influences were working together, exceptionally short life might be 
expected with either material under certain conditions. He refused to be 
stampeded by opinions or untrustworthy data and demanded real 
evidence on a sufficient scale before drawing final conclusions. Howe's 
summary of this subject in the early part of this century probably pre- 
vented hasty conclusions detrimental to steel and paved the way for the 
more complete experimental work that followed. He did not attempt to 
discuss the theories of corrosion, on which subject there was much con- 
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troversy at that time, but concentrated his investigation on the questions 
that seemed to be of more immediate importance to manufacturer 
and consumer. 

The first steel pipe was made in 1886. The opposition to the substitu- 
tion of bessemer steel for wrought-iron pipe was strong and often bitter. 
Plumbers were quoted as reporting that they found wrought-iron pipe, 
more durable than steel and that they could easily distinguish one from 
the other in threading. The opinion of the so-called practical man was 
listened to with respect. Pipe was not marked in those days and fre- 
quently became mixed in the stocks. Howe investigated the reliability 
of plumbers’ opinions on this matter by sending mixed lots of pipe (half 
iron and half steel) to four reputable operators, asking them to thread all 
of the samples and report how many were wrought iron and how many 
were steel. The results were so far from the facts that, as Howe pointed 
out, they would have come just as near the truth by tossing a coin.^^®^ 

The controversy on wrought iron vs. steel has been reviewed at some 
length, not because the subject is of any great importance at present, 
but because of the part that Professor Howe took in the debate that waged 
on this subject for a generation or more. As a matter of fact, the propor- 
tion of wrought-iron production with respect to steel has apparently 
become more or less stable, for during the past 10 years in the United 
States the annual production of rolled iron ranged from 1 to 3 per cent of 
the rolled iron and steel, while in the same period wrought-iron pipe 
ranged from 4 to 5 per cent of the wrought pipe. 

These figures, of course, do not indicate the situation as it might have 
been influenced by an earlier development of the Aston process for the' 
production of wrought iron. The recent introduction of this process for 
making cinder-bearing wrought iron from bessemer steel is probably the 
most notable economic development in the wrought-iron industry since 
puddling came into use. 

Corrosion Problem Today 

Let us now briefly review the corrosion problem as we find it 25 years 
later. On account of the limited time at my disposal this afternoon it is 
necessary to select for discussion only the more important developments 
and avoid going into much detail, but the reader is referred to more 
recent publications for further information on various phases of the 
subject. Since Professor Howe’s last report on relative corrosion in 
1908, many long-time tests to destruction have been completed. Table 1 
gives a brief summary of Howe’s tests and several other typical tests more 
recently completed on the same kind of material. The relative standing 
of these materials, based on maximum depth of penetration, is practically 
the same under most conditions as that found by Howe and other early 



Table 1. — Summary of Average Results of Relative Corrosion Test Made by Howe in 1900, also Some More 

Recent Tests 
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investigators, based on loss in weight. Steel made during the past 25 
years is undoubtedly more uniform, and this may explain why steel now 
apparently compares so favorably with wrought iron with respect to the 
tendency to pit. However, it now seems probable that the general 
opinion that prevailed a generation ago in favor of wrought iron was 
based mostly upon visual observations made under atmospheric condi- 
tions, rather than on less accessible material in soil or water where the 
composition of the metal has been shown to be a much less important 
factor. Moreover, the older wrought iron, made mostly from eastern 
ores, usually carried higher copper content than steel of that period, 
which we now know improves its resistance to atmospheric corrosion. 

While much has been done to mitigate corrosion, it is still recognized 
as a world-wide problem similar to public health in general interest. 
About 1200 million tons of iron and steel products were in use in 1931, 
according to Sir Robert Hadfield.* The total amount of steel ingots and 
castings produced in the world to date is about 2400 million tons which 
represents about 1700 million (long) tons of jBboished product. In recent 
years the steel produced amounts to about 18 times the total tonnage 
of all nonferrous metals. The world production of the more commonly 
used metals for the past 11 years, in short tons, is given in Table 2. 


Table 2. — World Production of Metals* 


Year 

Sted 

Copper 

t Aluminum 

Zina 

I^ead 

1923 

86,365,360 

1,411,980 

153,288 

1,059,821 

1,314,001 

1924 

86,832,480 

1,622,394 

184,475 

1,125,188 

1,467,265 

1925 

99,906,240 

1,589,717 

197,919 

1,265,714 

1,669,854 

1926 

102,926,760 

1,637,489 

215,331 

1,373,212 

1,770,278 

1927 

112,981,120 

1,682,361 

242,256 

1,464,091 

1,857,998 

1928 

120,374,240 

1,892,350 

281,893 

1,566,919 

1,841,012 

1929 

132,137,600 

2,127,834 

310,762 

1,620,898 

1,932,520 

1930 

104,223,840 

1,733,706 

295,397 

1,667,644 

1,848,070 

1931 

76,293,280 

1,481,969 

240,327 

1,113,172 

1,635,457 

1932 

55,816,320 

972,720 

171,898 

876,135 

1,285,728 

1933 

73,114,720 

1,082,000 

150,750^ 

1,007,000 

1,320,000 


® From Metal Statistics. 
* Estimated. 


These figures illustrate the indispensable position that steel products 
occupy in the world at present, in spite of their relative susceptibility to 
deterioration under some conditions of service. 

About three-fourths of the iron and steel products require some kind 
of protection if only for the sake of appearance. Sheets, plates, wire, 
and l)ipe often have a comparatively short life without adequate protec- 

* Supplement to the New York TimeSf J&ii. 28 ■ - 
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tion. Idle metal, unfortunately, corrodes at a faster rate than busy 
metal. This fact has been well demonstrated in the past three years 
in the case of idle mills, smoke stacks, ships, cars, and similar steel 
construction. The hulls of ore carriers on the Great Lakes are usually 
not repainted after launching and up to the period of the depression 
showed very little^deterioration. After two years lay-up in the harbors 
many of these hulls were pitted over deep. The rate of corrosion 
of unprotected iron or steel varies with the environment from an insignif- 
icant amount to penetration per year. Assuming that the average 
useful life of iron and steel products is 60 years and that 700 million tons 
are now in use in the United States, the amount produced last year in this 
country would have been hardly sufficient for renewals made necessary 
by corrosion. Hadfield estimated the world^s wastage of iron and steel in 
1932 to be 67,000,000 tons, which would indicate a loss in the United 
States nearly three times as large as my estimate. To this must be added 
the expense of renewal, interruption to business, and other incidental 
expenses, which as a rule considerably exceed the cost of the metal. 
However rough these estimates are, they serve to illustrate the importance 
of the problem to the iron and steel industry and to the taxpayers at large. 

Corrosion of iron and steel is now recognized to be not a single problem 
but a group of problems complicated by many variables, the resultant 
of which determines the rate of attack. Any review of corrosion data and 
remedial measures that have been worked out in recent years would be 
incomplete without a word on the fundamentals of the problem. At the 
time of Howe^s last paper on this subject in 1908, investigations were 
being planned, or were under way, on the influence of oxygen concentra- 
tion, temperature, rate of motion, film protection, and many other 
factors. When more facts became known about these phenomena, it 
was found convenient to classify corrosion according to the environment, 
so we now speak of it as atmospheric, underwater, soil, or chemical 
corrosion, or electrolysis due solely to stray electric currents. Certain 
specific factors have been found to control the rate of attack in each type 
of corrosion. In atmospheric corrosion, the predominant factor is the 
moisture; in water, the oxygen concentration; in soil, the electrical con- 
ductivity, total acidity, drainage, etc. The principal factors that have 
been recognized and studied are listed in Table 3 and are grouped for 
convenience according to whether they are mainly a function of the metal 
or of the environment. 

The environment as a rule influences both the actual and relative 
of corrosion of a metal much more than the pnlinary vai^tions fouiid 
in the metal. It has been demonstrated that ^11 bape metals such as 
iron, copper, aluminum, etc., acquire a film wben expend to air at normal 
or elevated temperatures, and that it is usually the resistance of this 
surface film that determines the life of the metal rather than some internal 
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property, for the metal usually does not come into direct contact with the 
attacking medium. Metals such as chromium, nickel, copper, and 
aluminum form very resistant films in some environments but not in 
others, and such elements have the power of conferring on iron, when 
alloyed with it in solid solution, some of their jdlm-building power accord- 
ing to the amount of alloying elements present. The determination of 
the amount of film-forming constituents that will give the maximum 
corrosion resistance to iron at the lowest cost is a promising but diflficult 
field of research. 


Table 3, — Factors with Reference to Corrosion in Presence of Water 


I. Factors Associated Mainly with the 
Metal 

1. Standard single electrode potential 

2. Composition and chemical homogeneity 

3. Structural homogeneity; solid solu- 

tions, separate aggregates, amount 
and distribution of nonmetallic in- 
clusions, etc. 

4. Surface finish 

5. Inherent power to form surface films 

6. Internal strain 

7. Over-voltage of hydrogen on the metal 


II. Factors that Vary with the 
Environment 

1. Effective potential® 

2. Concentration and distribution of dis- 

solved oxygen 

3. Hydrogen-ion concentration 

4. Specific nature and concentration of 

other ions in solution 

5. Velocity of motion of solution 

6. Temperature 

7. Deposits of corrosion products 

8. Contact with dissimilar materials 


surface 

® The potential is dependent upon composition of metal and electrolyte, temper- 
ature and other factors listed above. Surface film formation is also a function of both 
the metal and environment. 


Recent study of the surface fidms on metal has thrown a new light on 
the mechanism of corrosion. The presence of invisible fidms has been 
demonstrated by separating the film from the metal so that the fidm can be 
examined under the microscope, and their growth has been traced by their 
effect in changing the potential of the metal when immersed in a suitable 
electrolyte. Much more is known about the physical properties and 
structure of metals than about their surface condition but it is now 
definitely known that, at least in the case of the common metals, we are 
dealing with a fidm-covered surface and not with a real metallic surface. 

Protective surface fiOlms are formed by reaction between the metal 
and its environment, usually by oxidation. The essential film-building 
materials may originate mainly in the metal (as in stainless steels), in the 
environment (as in passivation with nitric acid or chromates), or both 
metal and environment may contribute their share in building the film. 

The stability of films has been found by Vemon^*^ and Evans^^^ to 
vary materially with the conditions of initial exposure. When the 
environment is very favorable to the formation of a dense adherent film, ’ 
unusual resistance to corrosion has been obtained eveU with ordinary 
wrought iron and steel, which admittedly are vulnerable under normal 
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conditions. This fact seems to explain the long life occasionally experi- 
enced with old wrought iron and steel. Cases have been reported in 
which, on removal of the initial corrosion products from well preserved 
iron and steel and exposure of the clean surface to ordinary air, rust 
developed rapidly. The nature and stability of the metal surface film 
are now considered to be among the most important factors determining 
the course of corrosion. Local differences of potential due to concentra- 
tion cells or contact with dissimilar materials may be sufficient to break 
down the film even on stainless steel and cause pitting. 

In speaking on the phenomena of corrosion in general, there is not 
enough time to discuss in such detail all the important factors listed in 
Table 3, Some of these factors, such as local variations in concentration 
of solution, dissimilar metals in contact, or internal strain, influence the 
formation of surface films and the distribution of corrosion, while others 
such as temperature, velocity of flow, acidity or alkalinity, and dissolved 
oxygen more often determine the rate at which the corrosion process 
proceeds. In the bibliography at the end of the paper, publications are 
listed that give detailed information on these and other factors having to do 
with the mechanism of corrosion reactions, and other phases of the subject. 

Complete knowledge of the controlling factors involved is of particular 
importance in corrosion testing. The influence of any one factor on the 
rate and distribution of corrosion can be determined only by carefully 
controlled laboratory tests, but the actual rate of attack should be deter- 
mined by carefully planned tests in service, as natural corrosion is the 
result of a changing combination of factors, usually difficult to reproduce 
in the laboratory. Therefore, while laboratory short-time tests often 
give a useful indication of the trend and rate of corrosion, the results 
should not be considered as conclusive unless the laboratory test has been 
correlated previously with long-time tests in service. For instance, tests 
of ferrous alloys in sulfuric acid have proved utterly unreliable as an 
indication of the relative life of these materials in the atmosphere or in 
water, but on the other hand it has been found that nitric acid, under 
controlled conditions, gives a fairly satisfactory indication of the relative 
resistance of high-chromium ferrous alloys under oxidizing conditions. 

Preventive Measures 

Let us now consider what has been done during the past few years in 
the reduction of waste due to corrosion. Prevention of this disease of 
metals’^ may be accomplished to a certain degree by; (1) changing the 
environment; (2) isolating the metal from destructive environment; or 
(3) building up the corrosion resistance of the metal. All of these 
methods usually are based upon the principle of forming a protective layer 
of some kind on the surface of the metal, which may vary from a few 
molecules to an applied coating 3^ in. or more in thickness. 
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There is no panacea for prevention of corrosion. It is an economic 
problem and the solution in any specific case requires the best judgment 
of chemists and engineers working together. In some cases the first 
result of a thorough study of a corrosion problem has been the discard 
of wasteful and ineflicient means of protection, followed by the develop- 
ment and adoption of more effective and more economical methods. For 
lack of time we will consider only a few practical applications of the 
principles of corrosion prevention. 

Neutralizers, Passivators, or Removal of Oxygen 

Where the corroding medium is limited, it may be made less active 
by the addition of neutralizers, passivators, or by the removal of free 
oxygen. Much has been accomplished by such means. In the refining 
of corrosive crude oil, for instance, ammonia is injected to reduce corrosion 
due to the generation of hydrochloric acid at temperatures below 400° F. 
At higher cracking temperatures corrosion by sulfur compounds can be 
held in check by the use of lime or caustic soda. One of the American 
Petroleum Institute committees made an extensive report in 1932 on the 
use of neutralizers, which points out the important factors involved. 
This method of controlling corrosion is more generally used in the low- 
temperature range of refinery operation. It is estimated that in the 
United States $3,000,000 per year is spent for neutralizers in the refining 
of petroleum. 

At normal temperatures industrial water can often be treated so that 
it will be less active and maintain a protective deposit on pipe lines with- 
out undue cost or impairing its quafity for domestic purposes. It should 
be remembered that all chemical methods require careful control by 
qualified industrial chemists. Waterworks engineers have done much to 
improve the hygienic properties of our water supply and are now giving 
more attention to the corrosion problem. 

The damage to large water mains is not confined to deterioration of 
the metal but often results in a reduction of 50 per cent or more in the 
rate of flow due to increase in frictional loss. In the case of heat exchang- 
ers the corrosion products have been shown to result in a considerable loss 
in heat transfer eflSiciency.^’'^ The use of carefully regulated lime-alum 
treatment in Baltimore has considerably reduced pipe maintenance cost 
to the city and loss and inconvenience to consumers at an additional cost 
of only 22 i per million gallons for lime used to absorb carbon dioxide and 
maintain the water at a pH of about 8.^®^ Satisfactory results have been 
reported from Washington, D. C., by use of similar treatment. 

Where the water is not used for domestic purposes more drastic treat- 
ment may be applied. In condensers or cooling systems where the water 
is recirculated, the addition of about 100 p.p.m. of sodium chromate in a 
slightly alkaline water will practically inhibit corrosion at a cost per year 
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of about $100 per million gallons of water treated. A much larger amount 
of inhibitor is required for control of brine corrosion in refrigerating 
systems but it has been estimated that this treatment, which is now 
frequently used, is saving the industry a million dollars per year in 
maintenance charges. 

The conditioning of boiler water for the control of scale, wet steam, 
corrosion and embrittlement is no longer a mystery. Nowhere has 
greater progress been made in anti-corrosion treatment. With proper 
design of equipment for mechanical removal of dissolved oxygen and 
suitable chemical conditioning to maintain a safe alkaline ratio to avoid 
embrittlement, under the control of a qualified chemist, safe and econom- 
ical operation can be obtained within the present range of temperatures 
and pressures. 

In district heating there is still some trouble due to oxygen and carbonic 
acid in the hot condensate lines. This problem is complicated by air 
leakage in the return lines of vacuum heating systems. However, the 
power plant engineer should now be able to supply steam sufl&ciently low 
in oxygen and carbonic acid so that there will be no material action on 
steam lines and accessories, provided that air does not find access into the 
system in some other way. 

Isolating Metal from Destructive Environment 

The second method of retarding corrosion, by separating the metal 
from direct contact with the corroding agency, includes all kinds of 
protective coatings, metallic and nonmetallic, ranging in thickness from 
ordinary paint to portland cement concrete 3^ in. or more in thickness. 

An average of 120 million gallons of paint per year has been used in 
this country during the past 10 years for the protection of iron and steel 
structures. Some of these paint products have been considerably 
mproved in recent years by the use of synthetic resins, tung oil, and 
rubber derivatives in the paint vehicle, particularly when used for protec- ' 
tion of material exposed to the atmosphere, but most of these materials 
have not proved so durable when used in water or soil. The develop- 
ment of paints for service under water deserves more attention. Stand- 
ardized methods of tests for paint films in water should be formulated so 
that these products can be studied comparatively, as has been done 
by the American Society for Testing Materials in their atmospheric tests 
of paints. The results of such work would find an immediate practical 
use in the better protection of ship hulls, water tanks and simi- 
lar construction. 

Porcelain enamel and chromium plating are finding a wider field of 
use where galvanized coatings or paints are not sufficiently durable. 
None of these thin coatings, however, have proved fully adequate so far 
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for the protection of metal in corrosive soil. The output of vitreous- 
enameled and chromium-plated steel products has shown a healthy 
increase during the past few years. 

There are now in use in this country about 400,000 miles of pipe lines 
for the transportation of gas, oil, and water. About 10 per cent of these 
lines should be carefully protected with strong coatings. The corrosion 
damage to underground oil and gas pipe in this country has been estimated 
as high as $60,000,000 per year.^^°^ The United States Bureau of Stand- 
ards has been investigating soil corrosion for 10 years, with the cooper- 
ation of the American Petroleum Institute, American Gas Association 
and pipe manufacturers. The work has been in charge of K. H. Logan 
of the Bureau of Standards, with three associates paid by the American 
Gas Association, the American Petroleum Institute and the Cast Iron 
Pipe Research Association. Prior to July 1, 1932, eleven men were 
working on soil corrosion problems at the Bureau. This year, as a result 
of the economy program, the force was reduced to four men including the 
two gas and oil technical associates. Altogether about $350,000 has been 
expended on this work from 1922 to date, of which about 40 per cent was 
contributed by the Government, This is one of the most extensive 
cooperative corrosion investigations undertaken so far. Unless the work 
is continued, 'much of the investment will be practically wasted. 

The following is a list of specimens that have been buried in connec- 
tion with the Bureau of Standards soil corrosion investigations: 


Fbom 1922 TO 1932, Inclusiyb 


1929 AND 1930 


Ferrous metals 

11,070 

A.G.A. coatings. 

2,352 

Nonferrous metals 

6,820 

A.P.I. coatings on pipe nipples . . , 

2,070 

Protective coatings 

3,620 

A.P.I. coatings on pipe lines 

2,100 

Miscellaneous 

1,130 




22,640 


6,522 


These specimens were buried in 49 typical soils at various sections of the 
country (for geographical location of the tests, see Fig. 113 of reference 
5). The primary object was to determine the effect of soil corrosion 
independent of electrolysis due to stray electric currents. The results 
of this investigation may be summed up briefly as follows: 

With respect to the influence of metal composition, Mr. Logan recently 
stated in one of his papers that ^'The data on underground corrosion 
indicate quite definitely, however, that all of the commonly used ferrous 
pipe materials corrode at nearly the same rate under the same soil 
conditions.” These data are summarized in Fig. 1. 

The depth of pitting has been found to decrease more or less with time 
in most soils, as indicated in Fig, 2. The rate of soil corrosion has been 
generally correlated with the electrical conductivity in alkaline soils, and 
in some localities with the total acidity in neutral and acid soils, but 
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msujEcient work has been done to predict with certainty the corrosiveness 
of any particular soil. However, definite progress has been made toward 
this objective and it would indeed seem to be a short-sighted policy for 
the Government at this time to curtail materially or discontinue the 



support necessary for work on this problem, which is of such wide interest 
to the country at large. 

Extensive field tests of many types of protective coatings also 
have been carried out in typical soils by this cooperative organiza- 



VABIOTJS SOILS (CONDENSED FROM PAPER BT 

Gordon N. Scott, American Petroleum 
Institute, Oct. 26, 1933). 


tion. Certain soils have been 
found to cause serious damage 
by distortion of soft bituminous 
coatings. As this type of coating 
has been used most generally, it 
appears that much money and 
material have been practically 
wasted for lack of information on 
the effect of various soils on pipe- 
coating materials. Bituminous 
coatings should be at least 3^ in. 
thick to be most effective and 
should be stiff enough, or pro- 
tected from contact with soil 


by suitable shielding material, to prevent distortion by soil stress. Dur- 
ing the past two years the materials and methods of applying coatings 
to pipe have been radically improved and I believe it is now safe to say 
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that coatings capable of giving the protection desired under most soil 
conditions are now available at reasonable cost. Portland cement 
aggregates have long been used successfully for protection of pipe under- 
ground. A centrifugal method has been developed recently for the 
application of such material to the inside and outside of pipe to a thick- 
ness of to in. or more. 

Cement has been used for 60 years on a Kmited scale for the lining of 
domestic water pipe. The use of this material is rapidly extending both 
for prevention of corrosion and for maintaining the carr 3 dng capacity 
of pipe. Some trouble has been caused by the increase in alkalinity of 
water in contact with new cement. To correct this condition, a portland 
cement mixture was recently developed in our laboratory that has about 
one-third the solubility of ordinary cement in water. This material is 
applicable particularly to the lining of water-storage tanks and water pipe. 

The economics of underground pipe protection should be based on 
reliable data as to the useful life of bare pipe (allowing a small annual 
maintenance charge) compared with the life of similar pipe under the 
same conditions with various coatings. A pipe line company is usually 
not justified in spending much more for protection than would have to be 
set aside with compound interest to maintain the line perpetually, there- 
fore the coatings must be comparatively low in cost except in very cor- 
rosive soils, where it may pay to spend as much as the original cost of 
the pipe to secure satisfactory life. 

Underground pipe systems and electric cables have also been protected 
from ordinary soil corrosion and electrolysis, in limited areas, by lowering 
the electric potential of the pipe with respect to the earth, so that a current 
is continually impressed on the pipe from the surrounding soil. Since 
most of the damage on bitumen-coated pipe is at small breaks in the 
coating, it is more economical of electric power to first apply a bituminous 
coating of moderate thickness (about fo pip® fhat is to be pro- 

tected by '^forced drainage,’^ or ‘‘cathodic protection,’^ as it is usually 
termed. This method of protection is most economical and effective 
in restricted areas where the soil has a relatively high electrical con- 
ductivity. For instance, it is employed with satisfactory results to 
protect the underground gas system in New Orleans. 

Building Up Corrosion Resistance of Metal 

With respect to the third method of prolonging the life of steel by 
increasing the resistance of the metal to the attacking media, here again 
for economic reasons it is very necessary to consider the increase in first 
cost, against the additional life, reduction of maintenance costs, and 
losses that may result from failures in service. In other words, the cost of 
corrosion-resisting ferrous alloys should be based upon the service 
obtained per dollar invested and not just upon the actual cost of the 
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alloy. The estimated life of the metal need not exceed the useful life of 
the equipment by a large margin, so that in selecting the most economical 
metal or other means of protection good judgment is required in the light 
of all the facts. 

Only a few elements (such as chromium, nickel, copper, silicon and 
aluminum) have been found to increase the corrosion resistance of iron. 
Of these chromium is most generally effective under oxidizing conditions. 
Other elements that have not been used so generally in ferrous alloys 
may be found to add to the film-building power of the metal in 
other environments. 

In the atmosphere the addition of 0.25 per cent copper will usually 
double or treble the life of steel and the addition of 1 per cent chromium 
with copper will about double the life again and at the same time add 
nearly 50 per cent to the strength of the steel, so that in this case the 
weight and thickness may be reduced materially for certain purposes. 
Low-alloy steels of this type are finding a wide field of use for roofing, 
parts of railway cars, and other exposed structures. 

Steel cars sometimes deteriorate rapidly from corrosion. A reported 
analysis of car repair expenditures shows that rusting is responsible for 
30 per cent of the total maintenance cost, which amounts to more than 
$100,000,000 per year.* J. S. Unger made a comparative test in service 
on 200 freight cars, each constructed of one-half ordinary steel and one- 
half copper steel. At the end of 13 years the copper steel showed approxi- 
mately 100 per cent longer useful life than ordinary steel, with less cost of 
maintenance because less frequent repainting was required. This 
should be a highly profitable field of use for copper steel or copper- 
chromium steel. About 9,000,000 tons of copper steel have been pro- 
duced during the past 20 years. This represents on the average a 
potential increase of about 100 per cent in the life of steel where the coat- 
ing fails and the bare metal is exposed to corrosive atmosphere (Fig. 3). 

Unfortunately iron and steel carrying small amounts of copper, 
nickel, molybdenum, chromium or other elements have not proved 
sufficiently durable underground or immersed in water to warrant their 
more general use, but there is reason to believe that a low-cost ferrous 
alloy may be found that will come closer to meeting these requirements. 
Two or more alloying elements sometimes give a more stable film than 
one, but the evidence now available indicates that the happy union has 
not been found to meet these conditions. The number of possible 
combinations and the length of time required for testing make the investi- 
gation of compound alloys a slow process. Furthermore, it is necessary 
to develop the pretreatment that will give the lowest rate of attack and 
the minimum tendency to pit for any particular environment. The 


Iron Age (Oct. 12, 1933) 13. 
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influence of chromium on the rate and distribution of corrosion of steel in 
warm Pittsburgh city water is illustrated in Fig. 4. Under such condi- 
tions and within the range of composition included in this test apparently 
steel with about 3 per cent chromium is preferable. The necessity for 
determining the maximum penetration as well as the average penetra- 



tion (by loss in weight) is also illustrated by this test. Similar charts are 
available for a few other single additions and others are under preparation 
for combinations that seem to contribute the best film-building proper- 
ties. These tests will have to be repeated under three or four different 
conditions, and then the final answer should be obtained by test of the 
best of these alloys in service before definite conclusions can be drawn. 
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Prominent in the low-alloy class of corrosion-resistant steels is the 4 to 
6 per cent chromium type, which lasts four to eight times as long as 
carbon steel in oil-cracking tubes and has therefore displaced a consider- 
able amount of ordinary steel in such service during the past five years. 

So much has been written recently on stainless and heat-resisting 
steels that it is not necessary to review this important development. 



Fig. 4. — Influence of chromium on rate op corrosion of steel in fresh water. 

Penetration of corrosive attack in Pittsburgh city water at 140® F. aerated and 
having pH value of 6.8. Maximum depth of pitting plotted is average of deepest 
measurements for three specimens for period of two years. 

SuflELce to say that the tonnage of these alloys has shown a decided gain 
during the past few years in comparison with the total tonnage of electric- 
furnace alloy steels, as indicated in Table 4. We estimated that about 
29,000 gross tons of stainless steel were manufactured in this country in 
1933. This was mostly the 18-8 chromium-nickel type, and was rolled 
into sheets, plates, wire and pipe for use under severe atmospheric con- 
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ditions and in the chemical industries. Improvements and reduction in 
cost of the seamless process now make it possible to manufacture many of 
the ferrous alloys in the form of pipe. The modern process for manu- 
facture of nitric acid by oxidation of ammonia was made commercially 
possible by the use of a large proportion of 17 per cent chromium steel in 
plant construction. Stainless-clad and nickel-clad steels are now avail- 
able and for some purposes may prove as serviceable as the solid alloy. 


Table 4. — Comparative Tonnage^ 


Year 

Electric-furnace, Alloy Steel, 
Gross Tons 

Electric-furnace Stainless and 
Heat-resisting Alloy Steel, Gross 
Tons 

Per Cent 

1929 


47.580 

9.33 



53,080 

17.60 

1931 


30,280 

13.00 


140,870 

23,770& 

16.80 


® Iron Age (Aug. 24, 1933) 11. 
^ Estimated. 


Corrosion-fatigue is produced by the simultaneous action of corrosion 
and stress and may be considered as a special form of notch-fatigue 
in which the notch instead of being formed mechanically is formed pro- 
gressively by chemical attack accelerated by applied stress. There is 
probably a definite endurance limit for a mechanically notched specimen 
under ordinary fatigue, but in corrosion-fatigue, where chemical action 
continues, obviously there can be no fixed endurance limit, except under 
certain conditions of corrosion, and a certain number of stress cycles 
and time of exposure. Resistance to corrosion-fatigue increases with 
the specific corrosion resistance of the metal to the conditions encountered, 
other things being equal. Under some service conditions, where the rate 
of stress alternation is relatively slow, it has been found that high ductility 
of the metal is a significant factor in minimizing concentration of stress 
and in delaying or preventing the formation of the sharp crevices which 
appear as the first stage of corrosion-fatigue. 

In general, the fracture of a metal part due to corrosion-fatigue may 
occur, at a stress far below the fatigue limit in the absence of corrosion, 
when the actual amount of corrosion is unbelievably small. For this 
reason it is particularly important to protect all parts that are subject 
to alternating stress, wherever practicable, even in an environment that is 
only mildly corrosive.^^^'^®^ 

Any estimate of the value of the corrosion research work and preven- 
tive measures that have been applied during the past 10 years would 
necessarily be only a rough approximation at present, owing to lack of 
statistics. It is safe to say, however, that more has been accomplished 
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on the whole in that period than ever before, and that a wider and more 
active interest in this subject has been generated, which is bound to 
bring about practical results of permanent economic value. 

In the oil industry, where corrosion waste was very apparent several 
years ago, the problem has received systematic study. A preliminary 
survey of conditions in the oil fields and refineries in 1927 indicated an 
annual loss due to corrosion of about 125 million dollars. In oil refining 
the saving due to protective measures has been estimated by engineers 
who have followed this problem closely at about 65 million dollars per 
year, which amounts to about one-half cent per gallon of gasoline produced. 
Several years ago this loss was figured as one cent per gallon. 

The investigation of soil corrosion and protective coatings during 
the past five years has brought about almost a revolution in pipe line 
practice with reference to the problem of protection. Millions of dollars 
formerly spent every year on inadequate coatings are now being saved by 
omitting coatings where unnecessary and applying more suitable coatings 
where required. / 

The solution of the manifold problems included in the general term 
corrosion^' is hastened by proper cooperation between the consumer, 
who knows the precise conditions to which he is subjecting the metal, 
and the producer, who is in a position to modify the properties of the 
metal supplied. The advance in our general knowledge of corrosion 
during the last decade is due largely to the great amount of cooperative 
work that has been done, particularly in this country, on corrosion testing 
and on means of lessening or preventing it in specific cases. 

Special problems arising in a particular industry have been studied 
by groups of investigators directly connected with that industry; for 
instance, the American Petroleum Institute, the American Society of 
Refrigerating Engineers and the Bell Laboratories of the American 
Telephone and Telegraph Co. have done notable work in their respective 
fields. Steel manufacturers have also accomplished much in developing 
more resistant metals and better means of prevention. More general 
problems have been studied extensively by committees of the American 
Society for Testing Materials, on which both consumers and manufactur- 
ers have been represented. This work has gone on for a number of years, 
and is being actively continued. The cost, which has amounted to a 
considerable sum, has been in part defrayed by money contributions 
aggregating $30,000, but principally by the contributions of the cooper- 
ating companies in terms of time of their men and of material supplied for 
the tests. 

Many societies and organizations have committees on corrosion, more 
or less actively engaged on investigations of one kind or another; these, 
however, are not always as well coordinated as they might be. The steel 
industry as a whole has no general committee, such as the Committee on 
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Corrosion sponsored by the Iron and Steel Institute and Iron and Steel 
Manufacturers of Great Britain/ but many of its units, as I have said, 
are taking an active part in work on corrosion. The present system 
is producing results with probably the least amount of organization but it 
seems desirable that there should be a national group representing those 
who are engaged on special industrial work to encotirage and sponsor 
scientific research on fundamental problems relating to corrosion. These 
problems should be defined and assigned, with adequate financial sup- 
port, to the men who are best able to carry on the work. The nearest 
approach to such organized effort that we have at present is the associ- 
ation of the oil and gas interests and the pipe manufacturers with the U. S. 
Bureau of Standards on soil corrosion, previously referred to. It seems 
that the American Institute of Mining and Metallurgical Engineers and 
other national societies should lend their influence and endeavor to secure 
more general support and better coordination of scientific work on 
this problem. 

In Europe an International Mixed Committee was organized several 
years ago, including representatives of water, gas, and underground 
electrical communication interests, and is reported to be doing effective 
work on matters pertaining to the corrosion of underground pipe and 
cables. In America a few similar groups have been organized locally. 
Evidently the public utilities recognize the importance of this problem 
and the need for cooperative action. 

Last September at an International Conference on Corrosion held in 
Chicago under the auspices of the Electrochenaical Society, a considerable 
amount of overlapping and duplication of research work was apparent. 
The suggestion was made by one of the foreign contributors that a plan 
for international cooperation on some of these problems might be devel- 
oped to advantage. No figures are available as to the total amount of 
money and time now being spent on corrosion problems in general, but it 
must be a very considerable sum. However, a relatively small part 
has been devoted to the scientific study of corrosion in this country. 

Evidently much more remains to be done and, as in research that 
affects public health, the results are of such general and practical use to 
all that we should do our share in the study of the fundamentals in order 
that corrosion prevention may be put on a sound scientific basis as soon 
as possible. 

The study of the formation, structure, and protective properties of 
metal surface films and the nature of their bond to the metal is one phase 
of this problem, the solution of which may be of far-reaching importance, 
for corrosion is usually a problem in surface reactions. To afford per- 
manent protection it is, of course, essential that films be self-healing when 
injured. This is another property that requires more investigation. 
Further study of protective metal films may also help to produce better 
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artificial coatings. For instance, the failure of paints and certain uKitallic 
coatings usually starts at pinholes. In certain enviroutnent small 
imperfections in coatings have been found clogged with corrosion products, 
and in such cases the coating has shown a much longer life. It has been 
suggested that the bare metal and coating material may perhai)s be 
designed so t,hat the initial corrosion products will seal discontinuit ies 
in the coating.^'^ This principle 8ugg(ist.s another field of promis- 
ing research. 

Relatively little has been accomplished in U'st.ing and improving i)aint 
materials for use under water. Standard met.hods of testing should lx* 
formulated and exposure testiS started, Jis was done 25 years ago by the 
American Society for Testing Miiterials in conn((Ction with its inv<!staga- 
tion of paints for atmospheric service. If the av(*rago life of all paint were 
increased 25 per cent, it would mean a saving in this country of jihout 100 
million dollars per year. 

The foregoing examples w'.rve to illustraU? a few, but. only a fi'.w, of the 
larger problems still awaiting solution in this important field. Obviously 
much remains to be done, but with the better understanding of these 
problems, resulting from the work accomplished within the past 10 
years, wc have reason to feel confident that ways of overcoming the onset 
of corrosion will Iks found that will enable us to utilize the valuabhs 
properties of steel in places where it now gives trouble because of corrosion. 

Looking backward, we have much cause for encouragement, as 
practical means of proi/ootion have already been found for most cases 
where steel is vulnerable. I feel sure we will agree l.hat if Profi'ssor Howe 
were with us this afternoon he would bo the first to congratulate the 
metallurgists and other investigators of this generation on what has been 
accomplished and would point out in stronger terms than are at my 
command the necessity for pressing forward to a clearer understanding 
and better solution of the corrosion problem. 
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Recent Trends in Blast-furnace Operation and 

Bv B. J. llABLAbr,t Backawanna, N. Y. 

Thk trying times experienced by the steel industry during tln^ past 
four y<iars have emphasizcKl the necessity of producing pig iron at th(‘ 
lowest possible cost. The trend in both d(‘sign and operation of blast 
furnaces has boon toward this end ratlier than toward S(‘<*uring nuixiniiun 
production from a unit or group of units. Iti the following discussion t h<‘ 
trend in design of stacks and atixiliary cquipuK'ni will b(‘ taken up Ix^fon* 
operation is consid(T(Hl. 

Although few furnaces havci been constru<^t(‘<l in th<‘ past f(*w y<‘ars, t 
trend is dofiiiitoly toward larger furnaces with a hearth diatn(d(‘r of 24 or 
26 ft. Such a furnace is very flc^xible, b(‘ing able to produ<'(‘ (»ffiei<*nt ly (iny 
desired daily tonnage b(‘twoen 500 and 1000 or rnon*. Tin* dtdfiil of t he 
design of furnace stacks, with the exception of the top, has chang(*(l litth* 
in recent years. 

To decrease tlui v<4<>city of gm through tlui throat of the funuux/s, 
thereby reducing flue-dust 1oss<^h, the stock-litn^ ar(»as an* constantly Ixung 
made larg(^r. The top dimensions of the largcu’ furnac<*s an^ usually as 
follows: Stock-line diainehT, 19 to 20 ft.; Iarg<^ b<*ll dianu*t(‘r, 14 to 15 ft.; 
straight section of throat, 5 to 10 ft. high; inwall batt,(‘r, 1 to 1,! I in, p(*r 
ft. The ratio between the an^a of the stock line and the arc*a of the larger 
bell is usually aboxit 1,85 to 1. The stoek-Iin(^ diam<»t<*r of som(^ Hinall(*r 
furnaces has been increased to that of the hciarth dianud.(T of tlu* stiu^k 
at the expense of the stack batt(*r. 

Rctmarkablo decreases in flue-dust prodtietioti an* claim(*d for (h<* 
so-callcd Venturi top,'^ whi<4i is achiev<‘d by flaring the Hto(»k lim*, in th<* 
form of an inverted cona, from a diameter of 17 ft. at 10 ft. bc*low tlu* largt* 
boll closed to a diameter of 19 ft. 6 in. at 3 ft. below the* large bell closed. 
Time alone will tell whieh of the two designs is iho. bet ter. Bc*eauH(^ of 
differences in raw materials, one top may bo betU^r for some plants aiul 
the other top for oth<*.r plants. 

In the search for lower costs and highest effici(*nci<*s all o|K‘rHt-orH arv 
adopting stoves that will maintain maximum hot-blast t<*in{K^ratures with 
a minimum gas consumption, To meet those roquirtutients^ stoves capac- 
ity of approximately 7 sq. ft. of heating surface and 1.8 cu, ft. of brick 
volume is required per cubic foot of wind blown per minuti*. 

♦Paper read before tho Iron and Staol Division, May 23, 1934, at 

New York. 

t Suporintondemt of Blast Pumaoos, Bethlehetn Stool Corporation. 
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other uses, 69 per cent. At plants using modern high-prcssuro blowc'ns, 
the gas balance is about as follows: hot stoves, 20 per cent; stciam for 
blowing, 21 per cent; and other uses, 59 per cent. 

Few radical changes have been made in furnace auxiliary (‘(luipnuuit 
recently. The trend is definitely toward larger iron and cinder ladkss. 
Iron ladles h andling 100 to 160 tons are universally used as well 



Fio. 4 . — Cboss-sbction’S or s modubn' hot stovb. 


as 400-cu. ft. single or double-pot cinder cars. When steam-driven 
turboblowers are used, the trend is toward higher steam pressures and 
superheat, with the resultant greater economy of operation. Several 
types of clay guns are in general use which obviate the old practice 
of taking the wind off the furnace after each oast to close in the 
tapping hole. 

Owing to the variable demand for tonnage during the depression of 
recent years, a great deal has been learned about blowing furnaces. Many 
operators have decreased the normal wind blown on their furnaces by half 
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or more, with a corresponding decrease in tonnage, with rcnnarkiihly 
successful results. Other furnaces have been operated su('ce.ssfully on 
a daily intermittent schedule to meet the reduced demand for pig iron 
and gas. A furnace has been found to work equally well whether blown 
with 70 or 140 cu. ft. of wind per min. per sq. ft. of hearth area. This 
permits great flexibility in operation, especially on a largo furnace. 

Out of this low blowing, and variations in demand for tonnage, a prac- 
tice has been developed that I call moderate blowing. I believe a more 
efficient operation can be obtained by blowing about 130 cu. ft. of wind per 
min. per sq. ft. of hearth area than the 150 cu. ft. that was commonly 
blown before the depression. With this rate of blowing, the reduction 
in flue-dust losses and fuel consumption more than offsets the additional 
tonnage that can be produced with a higher rate of blowing. 

More emphasis is being paid all the time to sizing raw materials. 
Stone is usually well screened and sized to pass a 2^^ to 6-in. screesn. 
Coke is generally crushed to 4 or iji in. at the coke ovens and screened to 
the following sizes: to 4 in., 1% to 2)^ in., 1 to in., and % to 1 in. 

The largest size is used in the furnaces. The smaller sizess ani generally 
sold for domestic use. When there is no demand for domestic coke, or 
for any other reason it is desired to use the sizes larger than 1 in. in tlie 
furnaces, much better results can be obtained by charging the sized coke, 
in layers, in certain predetermined percentages than by charging unsizc'd 
run of oven coke. 

Excellent work is being done on crushing and sizing soutlusrn and 
other hard ores, with beneficial results in furnace practicxi. 

Some sintering of Lake ores is being done on th(^ Rangers. The furnace 
practice with these sintered ores is good. In the search for a cheap 
burden during the past few years, much attention has been paid to sintcir- 
ing stockpiles of flue dust. One plant has dredged 360,000 tons of sludge 
from the lake, mixed this sludge with its current production of flue dust, 
sintered this material and used it in the burden with good results. Otlunr 
plants have sintered a mixture of stock flue dust, current dust, 
and Mesabi ore screenings and used the sinter produc(«l from this mix- 
ture in quantities as great as 100 per cent of the burdem, with cxcclhiiit 
results. 

Use of open-hearth slag in lieu of fluxing stone in the burdem has come 
into almost universal use. In most plants the use of this mat(Tial is 
limited only by the desired phosphorus content of the basic pig iron. 

All the above-mentioned methods of sizing and sintering raw materials 
have enabled the furnace operators to use higher hot-blast temperatur<!8 
with excellent results in fuel economy. Today, 1300® to 1400® hot-blast 
temperatures, or even higher, are common. 
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Summarizing briefly the above presentation, the present-day trend in 
furnace design and operation is as follows: 

1. Big furnaces. 

2. Large stock-line areas. 

3. Well cleaned gas. 

4. Efficient hot stoves. 

5. Moderate blowing. 

6. Sized raw materials. 

7. High hot-blast temperatures. 


The (combination of these important factors enables the operator to pro- 
duce a quality product at the lowest possible cost, which has always been 
th<i aim of the blast-furnace fraternity. 



Basic Open-hearth Bottom-cast Practice and Iron-oxide 

Control 

By W. J. Reagan,* Oakmont, Pa. 

(New York Meeting, February, 1934) 

A STJEVEY of the literature on bottom-cast practice, gives but scant 
information as to some of the real facts concerning this most interesting 
method of steel manufacture, and some of the information available is 
very misleading. ^ 

An exceptionally good description of this method of pouring or 
teeming is to be found in an English publication^ on the heterogeneity 
of steel ingots. Quoting from this paper: 

(o) With bottom teeming, the metal rises steadily and progressively in the rnoUl 
with the minimum possible agitation, the main force of the stream coining from Iho 
ladle being broken down or retarded by the down gate or runner. l<'urther, tlu? 
stream of metal from the ladle, under these conditions of casting, is invariably main- 
tained at a much more continuous rate and is steadier than with top teeming. (6) In 
view of the facts referred to in (a) it follows that with bottom ti^nning the metal is 
not exposed to atmospheric oxidation to anything like the same d(^gro(‘. as with 
top teeming. 

In this paper it is intended to detail briefly some of the advantages 
of bottom-cast practice and to discuss the possibilities of iron-oxido 
control in the basic open-hearth furnace. A description of the typo of 
charge, ingot mold set-up, etc., is found in detail in an earlier paper.® 

Design of Ingot Molds 

In any kind of steel manufacture, ingot-mold design is impor(»ant. 
L. H. Nelson^ lists in the order of their probable importance the following 
factors as influencing most the solidification of the ingot: 


Manuscript received at the office of the Institute Doc. 1, 3933. 

* Open Hearth Department, Edge water Steel Co. 

^ For instance, see E, C. Bitzer; Bottom Cast Practice, Blast Furnace, ^Siccl 
Plant (December, 1931). 

» Fourth Report on Heterogeneity of Steel Ingots. Iron and Steel Inst. (1932) 91. 

* W. J. Reagan: Practical Observations on Manufacture of Basic Open-hearth, 
High-carbon Killed Steel. Trans. A.I.M.E. (1930) 90, 46. 

^L. H. Nelson: Solidification of Steel in Ingot Molds. Trans. Amer. Soo. Stool 
Treat. (Oct., 1933). 
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1. Type, shape and size of mold. 

2. Temperature of steel above its melting point. 

3. Analysis of steel (due to difference in heat conductivity). 

4. Temperature of mold. 

This seems to be a logical presentation of facts relating to ingot solidifi- 
cation, listing of prime importance the type, shape and size of ingot mold. 
Incidentally, Nelson's paper contains much food for thought on the sub- 
ject of ingot solidification. 

In the selection of an ingot mold the first requisite is that it must be of 
stiiiable design for economical manufacture of the product to be forged 
or rolled from the ingot produced. For our type of work a twelve-sided, 
fluted mold is used with variations in diameter from 8. to 30 in. The mold 
length is standard for all diameters, 88 in. inside. The hot-top length 
with this kind of ingot is about 14 in. The mold has just sufiicient taper 
to allow the ingot to be stripped from the mold, which is of the closed- 
bottom type. The taper is approximately 1 in. in 88 in. The ratio of 
mold weight to ingot weight is approximately 1.75 to 1.00. Considerable 
variation in mold weight is possible with but slight change in ingot struc- 
ture. Mold weight has a very definite effect upon mold life, and for a 
given analysis mold life increases markedly as mold weight is increased. 
For example, by increasing the weight of a 21-in. diameter ingot mold 
from 12,000 to 16,000 lb., or about per cent, the mold life is increased 

about 40 per cent. Ingot-mold life can also be increased by control of 
mold analysis and by the method of casting. Direct metal molds give 
a greater life than do cupola metal molds, but cannot compare with the 
cupola molds when extreme accuracy is desired on interior dimensions. 
Probably this is due to better control of casting temperatures, as metal 
direct from the blast furnace is apt to vary over a greater temperature 
range than metal from the cupola. 

The most important factor in ingot-mold analysis, as regards mold 
life, is apparently manganese. As the manganese content of the mold is 
increased, the mold life also is materially increased. Silicon also seems 
of considerable importance, but its effect does not seem to be so constant 
as manganese, an increase in silicon not always producing an increase in 
mold life. There are so many variables to be taken into consideration 
in attempting to correlate mold life with metal analysis that it is almost 
impossible to make any hard-and-fast rules as to mold analysis. How- 
ever, it can be stated that generally as the manganese and silicon con- 
tents of the mold metal is increased the mold life is increased also. To 
just what limits these figures can be carried is not known, but in ordinary 
commercial practice it is possible to obtain ingot molds with a manganese 
content of about 2.00 per cent and silicon content in the neighborhood 
of 1,75 per cent. 
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Pouring Practice 

It has been shown in a previous paper® that pouring practice is of vital 
importance to steel casting, the proper pouring procedure depending upon 
the type of steel being made, upon the type of mold and upon the tem- 
perature of the molten steel. By proper control of pouring speed, which 
actually means pouring temperatures, it is possible to obtain ingots 
(either bottom-cast or top-cast) free from cracks, either circumferential 
or longitudinal, and with proper hot-top equipment an ingot entirely free 
from excessive piping can be obtained. The hot top should represent 9 
per cent or less of the total weight of the ingot, and the ingot yield should 
be about 90 per cent. Bottom-cast ingots can be produced commercially 
in any size. Thousands of tons have been produced within the writer’s 
experience ranging in weight from 1000 to 50,000 lb. These do not by 
any means cover the minimum or maximum weights that it is possible 
to produce commercially by the bottom-cast process but are only the 
limits produced within the writer’s actual experience, and these limits 
have only been established by the size of ingot necessary to produce 
the proper size of forging necessary for making the finished prod- 
uct desired. 

Bottom-cast ingots are noted for their freedom from pipe. In 1927 
about 15,000 tons of Krupp rails were imported into this country, all 
made by the basic open-hearth bottom-cast process. In a report of 
inspection on these rails made by a nationally known firm of engineers, 
not one single piped rail was listed for the 15,000 tons tested, and to obtain 
this freedom from piping there was no excessive cropping necessary." 

In addition to high ingot yield an additional advantage of bottom-cast 
practice is the usual above-normal life of ingot molds. A typical 20-in. 
diameter mold of the type just described, used in bottom-cast practice, 
should give an average of 150 heats per mold, or roughly 600 not tons of 
ingots per mold. It is not at all uncommon to find molds with a life well 
over 200 heats. Better control of pouring speeds is one of the probable 
reasons for this long life. 

Cleanliness of Bottom-cast Ingots 

■ Much has been written about the cleanliness of top-cast steel as 
compared with bottom-cast steel. In a study of the nonmetallic content 
of ingots made by the basic open-hearth bottom-cast process many 
interesting data have been assembled.' A number of ingots have been 
sampled and the cleanliness of the steel determined by the Dickenson 

‘ Reference of footnote 3. 

• C. W. Gennet, Jr.: The Iron Age (Apr. 14, 1927). 

’ C. H. Herty, Jr. et al.: Deoxidation of Steel with Silicon. Bur. Miiuta Tech, 
Paper 492. 
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method.^ Samples were taken from each ingot as indicated in Fig. 1. 
Each sample was composed of about lb. of cuttings, and was quartered 
repeatedly until a sample of standard size was obtained. The cuttings 
were obtained while the ingots were being sliced in a lathe and represent 


an average sample or ring of metal 
removed from three sections of 
varying depth from just underneath 
the ingot skin to almost the center 
of the ingot. These three samples 
were also taken from three planes 
of the ingot, just beneath the hot 
top, about the middle of the ingot 
and from a point about 14 in. from 
the bottom of the ingot. 

The drawings in Fig. 2 repre- 
sent 9 or more samples from 
various portions of the ingot, 
which, as can bo seen from Fig. 1, 
are truly representative of the 
interior of the ingot. No attempt 
will be made to discuss the accuracy 
of the Dickenson method for ob- 
taining total silicates, but it is 
believed that for this type of steel 
the Si 02 content as determined by 
this method is an accurate indi- 
cation of the amount present in 
the steel. 

Ingot A is from a heat of steel 
in which a special method of deoxi- 
dation was used. This ingot is 
somewhat cleaner than any of the 
others shown, the average percent- 
age of nonmetallics being 0.0089. 
The maximum nonmetallic content 
is near the top of the ingot, at a 
point halfway between the outside 
and the center. fl 



FlO. 1. — MBTIIOn OF SAMPLING INCtOTS. 


Ingots B, C, D and E were all cast from the same heat. The average 
nonmetallic content of all is about the same, i. e. : ingot B, 0.0183; ingot C, 


0.0182; ingot D, 0.0208; ingot E, 0.0187. There is a marked difference 
in segregation in the two sets of ingots, which probably is due to a differ- 
ence in pouring speed or casting temperature, ingots B and C being cast 


* JnL Iron and Steel Inst. (1926) 118, 117 and Carneigio^Inst. Tech. BuU. 37. 
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at a slightly lower temperature than were D and E. It is particularly 
interesting to note the similarity of segregation in ingots B and C, which 
were poured at the same temperature, the curves being strikingly similar. 

The four ingots F, G, H and I were also all cast from the same hcai., 
their average silicate content being very much alike, i. e. : ingot F, 0.01C7 ; 
ingot G, 0.0159; ingot H, 0.0172; ingot I, 0.0136. 





ABO 
Fia. 2. — Sbgbegation op silicates in bottom-poured ingots. 
Ingot A from heat 12422; ingots B and C from heat 12533. 


The average analysis of the inclusions obtained from all of the ingots 
shown was as follows: FeO, '80.30 per cent; MnO, 4.60; SiOa, 13,60; 
AI 2 O 3 , 2.25. 

From the segregation results, it is believed that the segregation of 
silicates may be explained by a simple rejection of nonmetallic matter 
at the interface between liquid and solid steel and by the path that the 
particles follow in the liquid steel. 

These figures and segregation curves are presented to show that it is 
possible to make steel by the basic open-hearth bottom-cast process 
with considerably less than a normal amount of nonmetallic inclusions. 
Some idea of the possibilities of a thorough study of nonmetallic inclusion 
segregation can be obtained from a study of the curves presented. Our 
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English friends have presented much that is of interest in this line in 
their presentations during the past few years of a study of the hetero- 
geneity f)f steel ingots. 

IllON-OXXOK CONTBOIi IN THE BaSIC OpHN HeAETH 

Iron-oxide control in the basic open-hearth furnace has long been the 
object of much research. It has been shown heretofore that the FeO 
content of the slag is largely influenced by the SiOj content of the slag. 
An earlier paper, showing this graphically,^ indicates that as the FeO 



DOF 

Fio. 2 (oootintjbd). — Sborbgation op bilicatbs in bottom-potjbbd ingots. 
Ingots D and E from heat 12533; ingot F from boat 12501. 


decreases the SiO* increases. In spite of the fact that SiOj has been 
known to be such an influencing factor in controlling the percentage of 
FeO in the slag, it has been a long, tedious job to find out just why this 
is so. The only element producing SiOa in the slag of a basic open-hearth 
furnace is silicon, either in the form of silicon in the charge or from 
silica contamination of the bath or slag. 

•W. J. Reagan: Some Effocts of Temperature and Iron Oxide, etc. Trarus. 
A.I.M.E. (1932) 100, 141. 
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The effect of adding silicon to the charge was first noted at this plant 
when ingot-mold scrap was used to replace part of the pig iron in l.he 
charge. Owing to the higher silicon content of the mold scrap as com- 
pared to the pig iron, the resulting increase in silicon in the charge was 
almost invariably reflected in higher SiOa in the slag and consequently 
a lower FeO. With these results in mind, Dr. Herty completed the 
picture in his recent investigation of FeO control. 

In the use of FeO control, it is essential to control both the silicon 
content of the charge and the amount of lime (CaO) in the charge. 




FlO. 2 (cONTINUBD). — SbORBOATION op SILICATB8 IN BOTTOM-POUHBD INdOTH. 

Ingots G, H and I from heat 12601. 

Fig. 3 shows the effect qf silicon in the charge upon the carbon at which 
a heat will melt. The silicon apparently has a greater effect upon the 
carbon at which a heat will melt than the carbon content of the charge 
itself. The carbon content of the heats shown on Fig. 3 varied from 2.20 
to 2.34 per cent, a variation of only 14 points of carbon, while the silicon 
content varied from 0.67 to 0.68, but the carbon at melting varied from 
0.94 to 1.48 per cent. The lime charge on all of the heats shown was 
practically the same. It is particularly interesting to notice the three 

“ C. H. Herty: 20th Progress Report to Metallurgical Advisory Boards to (lamogio 
Institute of Technology, October, 1933. 
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heats on the graph, all with a silicon content of 0.64, and all melting 
within two points of carbon of one another. 

By controlling the metalloid content of the charge, especially silicon, 
and keeping the lime charge at the lowest point, it is possible to obtain 



Fig. 3. — Effect of sii^icon in chaegb upon carbon at which heat will melt. 

almost complete removal of the FeO formed during the melting-down 
period of the heat. Any additional lime needed may be added just before 
the ore addition; to obtain the desired basicity or to avoid attack of the 



Fio. 4. — Effect of FeO on final imiosphorub content of steel. 


banks by a too siliceous slag. By controlling these items and also the 
fluidity of the slag, the FeO at the low point (to be described later) will 
be as low or lower than desired. After the ore addition has worked 
through the slag, FeO in the form of roll scale or fine iron ore may be 
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Table 1. — Metal Analysis, Heat 24412 



Table 2. — Slag Analysis, Heat 24412 


Aiiaot A .m. 

FeO 

FeaOs 

MttO 

SiOs 

PiOi 

CaO 

MgO 

AliO* 

2.60 

9.70 

0.76 

24.24 

30.10 

1.78 

25.43 

6.44 

2.80 

3.20 

6.60 

0.76 

22.49 

30.60 

1.66 

28.12 

6.84 

2.34 

3.50 

4.96 

0.89 

20.82 

30.84 

1.33 

31.68 

( 5.34 

2.18 

4.23 

3.82 

0.63 

17,94 

30.80 

1.21 

35.49 

( 5.20 

1.84 


3.42 

0.76 

16,41 

31.60 

1.24 

40.40 

6.16 



4.17 

1.13 

16.63 

30.44 

1.36 

40.86 

6.31 

2,26 

5.42 

4.34 

1.61 

14.61 

28.00 

1.96 

38.64 

6.88 

2.28 

6.06 

4.79 

2.02 

14.86 

27.64 

2.26 

41.61 

6.09 

2.42 

6.26 

7.76 

2.27 

14.98 

26.28 

2.67 

37.91 

6.16 

2.68 

6.36 


2,14 

14,66 

24.80 

2.77 

38.72 

6.16 

2.40 

6.46 

6.84 

1.89 

14.13 

26.28 

2.70 

39.96 


3.05 

6.56 

6.27 

2.02 

13.90 

26.60 

2.69 

40.60 


2 7(5 

7.07 


1.89 

13.84 

26.04 

2.70 

40.76 

6.28 

2 08 

7.28 

6.27 

2.39 

12.69 

23.60 

2.69 

41.64 


2.42 


7.64 

2.14 

12.79 

22.88 

2.70 

41.74 

6.66 

2.69 

8.13 

6.96 

2.90 

11.69 

20.68 

2.74 

43.47 

7.24 

2.62 

8.27 

7.07 

2.62 

11,34 






8.33 

7.18 

1.89 

11.68 






8.48 

‘ 6.96 

2.66 

12.28 
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added to the slag to increase the FeO to the desired amount, which is 
determined by the final phosphorus content of the steel. Some experi- 
mental work has been done in an attempt to reduce FeO in the slag after 
it has reached an amount higher than is desired, but as yet sufficient data 
have not been obtained to prove this method practical. Heats that are 
too high in FeO at the low point will finish high in FeO, while heats that 
are below the low point desired may be increased by additions of fine ore 
or roll scale to the slag. Fig. 4 shows the effect of FeO upon the final 
phosphorus content of the steel. For a given excess base or basicity of 
the slag the final phosphorus is determined by the FeO content of the 
slag; the lower the FeO, the higher the phosphorus. 

Slag fluidity must be controlled to prevent FeO from building up in 
the slag during the lime boil, as the heavier slags cause the FeO to build 
up in them. 

The following details arc all for a typical FeO-controlled heat. Table 
1 gives a complete analysis of all metal preliminaries from approximately 
three hours previous to the time the heat was completely melted until 
it was tapped. Table 2 gives a complete slag analysis for all slag samples 
taken at the same time the metal preliminaries were taken. Table 3 
shows details of the heat, charge, additions, and so forth. 


Table 3. — Details of FeO-controlled Heat 


In Charge, Lb. 

Working Heat, Lb. 

Pig Analysis, Per Cent 

Analj^is of 
Charge, Per Cent 

Total charge.. . 

. 180,000 

Iron ore 

... 250 

C 

4.47 

2.43 

Basic pig 

. 87,690 

Burnt lime. . . . 

... 1,120 

P 


0.10 

Scrap 

. 02,610 

Fluorspar 

... 375 

Mn 


1.18 

Burnt lime. . . . 

. 2,010 

Scale 

... 1,200 

Si 

1.20 


Limestone. ... 

. 8,500 



S 

0.021 

0.026 


Time charge to tap, 11 hr. 30 min. 

Start to charge 9:25 a.m. 

Finieh charging 12:00 noon 
Tapped 8:55 p.m. 

1200 lb. 50 per cent ferrosilicon added to ladle 
Final analysis, per cent: 

0 P Mn Si S 

0.70 0.022 0.68 0.28 0.021 


AdditionB 

5:42 p.m., 1020 lb. burnt lime 
6:00 p.m., 400 lb. scale 
6:10 p.m., 260 lb. lump iron ore 
6:20 p.m., 400 lb. scale 
7:82 p.m., 200 lb. scale 

125 lb. fluorspar 
7:85 p.m., 200 lb. scale 
7:45 p.m., 250 lb. fluorspar 
7:55 p.m., 250 lb. burnt lime 
8:16 p.m., 1500 lb. spiegeleisen 
250 lb. fluorspar 
8:30 p.m., 100 lb. fluorspar 
8:40 p.m., 800 lb. ferromanganese 


Fig. 5 gives a graphic record of the heat from 3:00 to 8:20 p.m., or 
from 3 hr. before melting until tapping. It pictures strikingly the various 
reactions taking place during the progress of the heat, and from this 
graph a very pretty picture of a typical FeO-controlled heat may be 
obtained. We can see that silicon in the charge is eliminated early in the 
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heat, at 3:30 p.m., the metal sample showing 0.005 per cent silicon. 
The low point in FeO can be clearly seen at about 4:50 p.m., the analysis 
of the slag at that time giving 3.42 per cent FeO. This low point is 
about the middle of the lime boil and the extremely high Si 02 content 
of the slag at this time, about 31.60 per cent, is also noticeable. This 
curve indicating the low point in FeO, approximately one hour before the 
heat is completely melted, is typical of all heats investigated, the same 
type of curve being found on over 30 heats. As the lime goes into 



Fig. 6 . — Rboobd of hbat from 3 hr. bbforb mbltino until ta mN(K 

solution there is a gradual increase in FeO and CaO until just before the 
ore addition. After the ore addition the carbon is eliminated more 
rapidly and the phosphorus takes a decided drop due to the addition of 
FeO to the slag from both the ore addition and from the scale added at 
about the same time. At 6 :06 p.m. the phosphorus was 0.061. Because 
the heat melted close to the final carbon (0.76 to 0.80) it was found neces- 
sary to add scale to the slag as the FeO possible to obtain from the very 
small ore addition (250 Ib.) would be insufScient to reduce the phosphor- 
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us sufiSciently to allow the heat to finish about 0.025 phosphorus. It 
was desired to finish the slag in this heat with FeO at about 7.00 per cent, 
which would result in a final phosphorus of approximately 0.025. How 
close the desired results were to the final figures can be seen, as the final 
phosphorus was 0.022 per cent and the FeO in the slag before deoxida- 
tion was 6.96 per cent. After the first ore and scale addition the phos- 
phorus dropped from 0.051 per cent down to 0.037 per cent. This 
figure was still too high to allow the heat to finish at or below 0.025 
phosphorus, so at 7 :32 and again at 7 :35 p.m. 200 lb. of scale was added 
to the slag. The immediate effect of this addition was to reduce the 
phosphorus to 0.019 per cent and the increase in FeO is clearly indi- 
cated on the graph of Fig. 5, finishing slightly under the desired 7.00 
per cent. 

The slag fluidity as indicated by the viscosimeter shows relatively 
the fluidity of the slag at any time during the progress of the heat. On 
Fig. 5 the effect of the ore addition upon decreasing the fluidity of the 
slag can be clearly seen. Fluidity control is important in the use of 
FeO control. 

• This, briefly, is FeO control. The SiOa in the slag is maintained at a 
high point by a high silicon content of the charge and by a mi ni m u m 
amount of lime in the charge. Control of the silicon and lime in the 
charge results in a low FeO before melting, which can be increased to the 
desired finishing FeO by additions to the slag of fine ore or roll scale. It 
will be necessary for each steelmaker to work up his own figures for using 
this method. The very thin siliceous slags resulting from the high 
silicon content of the slag prevents dissolving of the lime during the early 
part of the heat and accordingly prevents absorption of the FeO by the 
lime; as high lime allows for a greater pick-up of FeO, the heavier slags, 
because of the greater amount of lime in them, allows the FeO to build 
up. The average pick-up of FeO from the normal ore addition on the 
heats investigated was about 6.00 per cent. This figure is bound to vary 
in the different plants, depending upon slag conditions, type of iron ore, 
etc. Each plant must work out its own values. 

In conjunction with the use of the FeO-control method it is essential 
that composite samples of slag be taken from at least three doors. It is 
also essential that the slag samples be taken from underneath the top 
layer of the slag. , This layer is undoubtedly very thin, but if the slag 
samples are relatively high in F 02 O 3 it is definite assurance that the sample 
has been contaminated with FejOs from the top slag layer. The method 
used in taking samples from underneath the top layer is as follows: 
Allow the test spoon to be submerged under the top layer of the slag, the 
spoon being turned upon its side while passing through the top layer. 
As soon as it passes through the top layer bring it into an upright posi- 
tion, allowing the spoon to fill from the slag-iaetal line upwards. As 
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soon as the spoon is removed from the slag and out of the furnaces allow 
the top layer of slag in the spoon to crust over for a few seconds, tlien 
punch a hole in the top crust and allow the contents to rim out on a 
clean plate or sheet. 

Effects of High Iron Oxide versus Low Iron Oxide 

The following are a few reasons for striving to keep the FcO in t.he 
slag as low as possible for the type of steel being made. 



Fig. 6. — Effect op high and low FeO upon residual manganese in bath. 

Fig. 6 illustrates the effect of high and low FeO upon the residual 
manganese content of the bath. For a given slag basicity and a given 
manganese content of the charge, the residual manganese is controlled 
by the FeO content of the slag and by the temperature of the bath; the 
higher the temperature, the higher the manganese content of the steel. 
On all three heats illustrated the manganese content of the charge was 
about constant and the temperature of the bath about the same. The 
marked difference in the residual manganese contents of the three heats 
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is noticeable. The heat with an FeO content of about 5.25 per cent has 
a residual manganese of about 0.48, while the heat with an FeO of about 
9.10 per cent has a residual manganese of only 0.29 per cent. The 
resulting increase in cost due to low residual manganese is also plotted, 
the increase amounting to about 24 cents per net ton of steel in the ladle. 

Fig. 7 illustrates the effect of high and low FeO upon the furnace loss 
and upon rejections. With an average FeO of 9.90 per cent, a furnace 
loss of about 8.20 per cent is indicated, while an FeO of about 6.80 per 
cent shows a loss of only 6.85 per cent. This reduction amounts to 1.35 
per cent and is reflected in an increase in metallic yield of this 1.35 per 
cent and a decrease in rejections, also indicated upon the chart. 



Ficj. 7. Fio. 8. 

Fig, 7. — Effect of high and low FjeqO upon fuhnack loss and rejections. 
Fkj. 8. — Effect of high and low FeO upon efficiency of manganese addition 

AND EFFECT OF FeO ON PHOSPHORUS. 

Fig. 8 illustrates the effect of high and low FeO upon the efficiency of 
the manganese addition and also the effect of FeO. upon phosphorus. A 
low FeO content in the slag gives greater manganese efficiency than a 
high FeO content. 

How the amount of lime in the charge affects the FeO content of the 
slag and also how it affects slag volumes makes an interesting study. 
Perhaps the most complete investigation of this subject has been described 
by C. D. King.^^ In his paper he shows that excessive slag volumes 
caused by too heavy lime charges increase costs and lower yields by 
lengthening the time of heats and increasing the pig charge with its 
attendant loss of metalloids and consequent lower yield. 

C. D. King: The Metallic Charge in Basic Open Hearth Furnaces. Amer. Iron 
and Steel Inst. (Oot.» 1931). 
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SUMMARV 

Basic open-hearth bottom-cast ingots can be produced coniniorcially 
free from cracks, free from excessive pipe, with yields usually greater 
than that obtained from top-cast ingots. Basic open-hearth bottom-cast 
ingots can be produced with comparative freedom from nonmctal- 
lic inclusions. 

Basic open-hearth iron-oxide control permits accurate control of the 
FeO content of the slag, with a resulting decrease in the cost of steel 
manufacture, due to greater efl&ciencies from additions, etc., and from 
higher yields and steel of better quality. 

DISCUSSION 

(L. F, Reinartz presiding) 

J. E. Carlin,* Massillon, Ohio (written discussion). — It is always plouHant. 
to read a paper on steel manufacture that contains actual slag and incial analy- 
ses; Mr. Reagan^s paper shows very clearly the change in metal and slag analysers as 
the heat progresses. 

In the opening paragraphs Mr. Reagan refers to a paper pu}>lisho(l in 1932, in 
which he showed that the FcO content of the slag is largely influeneod by t.lu*. vSi ()*2 
content. The paper also shows, graphically, that as the FeO (IocreaH(^H th(^ SiOa 
increases. This information is interesting, because a strict interpretat.ioti indi<^at(^H 
that the FeO content of the slag, after the heat has melted, may be (hujn^ased by 
adding silica. 

The writer has always considered that high silica in the slag is the offi^ct rat-luT 
than the cause of low FeO. This opinion was reached as a result of the following 
theory: For a given charge of scrap and melting conditions, a definite wedght of iron 
oxide is formed by oxidation of the scrap. When a given weight of pig iron with a 
definite weight of carbon, manganese, phosphorus and silicjon is added, a c(^rtain 
amount of iron oxide is reduced — ^the amount depending mainly on th(^ weight of 
silicon and carbon added. As tho weights of silicon and carbon added increase, more 
iron oxide is reduced, and as a result the excess iron oxide or the amount that shows 
up in the slag analysis, decreases. 

This reasoning supports the opinion that high silicon in the charge is tho cause 
of low FeO in the slag, and that high silica is merely tho effect. This point is impor- 
tant, because as a result of the opposite opinion, it is common practice to itudude 
lime when adding ore. 

The charge details were interesting— it would bo very much appreciated if Mr. 
Reagan would describe the type of scrap used and advise if it is uniform from heat to 
heat. It would be interesting to know also if the pig-iron analysis is held to fairly 
close limits. 

The paper brought out one very important point in connection with the relation 
between phosphorus removal and FeO content of tho slag. The data show that 

* Assistant Chief Metallurgist, Union Drawn Steel Qo. 
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approximately 180 lb, of phosphorus was present in the charge, and that although 
only 4.80 per cent FcO was present before any scale was added, it was necessary to 
increase the FeO percentage of 7.00 in order to reduce the phosphorus content below 
0.025 per cent. The manganese efficuincy on the heat was only 62 per cent, which 
indicates that the FeO content of the slag would have to be very low to get real 
high efficiency. 

Mr. Ecagan did not mention temperature, and advice on this point would be 
interesting, in view of the fact that the phosphorus elimination reaction is exothermic, 

Tlie CaO content of the finishing slag seemed bo be low, when the high silica 
content and assumed high quality desired are considered. The remarks regarding 
the reason for the minimum of lime charged were not very clear, especially the follow- 
ing: ‘*The very thin siliceous slags resulting from the high silicon content of the slag 
prevents dissolving of the lime during the early part of the heat and accordingly pre- 
vents absorption of the FeO by the lime; as high lime allows for a greater pick-up of 
FcO, the heavier slags, because of the greater amount of lime in them, allow the 
FeO to build up.^' The probable explanation of the greater pick-up of FeO”' when 
higli lime is used, is the oxidation of iron by the COi resulting from the calcination of 
the stone. This point could bo checked by charging burnt lime only. In view of the 
fact that the permanent removal of phosphorus depends upon an excess of FeO and 
ClaO at all times, it would be logical to carry as high a lime content as possible, 
especially on liigh-silica slags when the available base is comparatively low. 

It is logical to believe tliat tbo FeO formed from the reaction 

COa + Fc :ptCO + FoO 

would not exceed 1200 lb., and for that reason the amount of lime charged should nob 
bo important because it was necessary to increase the FoO percentage by adding 
1200 11), of scale. 

W. J. Ekagan (written discussion). — In replying to Mr. Carlin's question, I feel 
that the low FeO content of the slag is entirely due to the high SiOa content of the 
slag, which is caused by the high silicon content of the charge. This fact can readily 
bo soon by varying the silicon coiit.ent of the charge and noting the resulting variation 
of the HiOo contemt of the slag. 

Mangam^se efficiency is controlled by several factors: by the FoO content of the 
slag, plus the time in the furnace plus the amount of ferromarxganese added, the larger 
the amount ad<led the greater being the olficiency. 

The temperature of the heat mentioned was undoubtedly on the cold side, the 
tomperattiro (pouring) being about 2810° F- and the ladles having a skull of about 
800 pounds. 

I can no connection between the CaO content of the finishing slag and the 
roforonce to assumed high quality. We do know that the higher the FeO in the finish- 
ing slag the greater amount of dirt wo will find in the steel. The final FeO is deter- 
mined by the final phosphorus desired. If the CaO content is high enough for a given 
FeO to allow the heat to finish at the desired phosphorus content, the quality will bo 
all right. 

A low lime charge naturally produces a slag high in SiOa, which is thin and fluid, 
and low in FoO. The fluidity of a slag has a great deal of effect on the diffusion of 
FeO from slag to rnetal. We have found that with heavy slags, usually with a greater 
amount of cxc(*sh (JaO, the FeO builds up in the slag and consequently in the metal. 
A high-SiOa slag pnivents dissolving of largo amounts of lime, and PoO is a necessary 
factor to dissolve lime. The three factors needed to dissolve largo quantities of lime 
are FciO, temperature arid time of contact. By preventing the dissolving of lime and 
retaining our fluid slag, FoO does not build up in the slag. In addition to preventing 
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FeO from building up in the slag, a low lime charge matorially sptHuls up th<^ fiinuKu^ 
operation by allowing the heat to melt faster, and extra lime (\an a.lvvays be add(*d if 
needed in the later stages of the heat. 

L. F. Reinartz,* Middletown, Ohio. — What do you do when t.h<i lu^at nudts with 
high iron oxide? 

W. J. Reagan. — As a rule, we cannot do anything. That is, the idea is to ke(‘,p 
the FeO low and build it up to the desired amount in the final slag. As luentiomul 
in the paper, it is probably possible to reduce iron oxide with a silicon addition, 
either in the form of 50 per cent silicon or sand, but at this time we do not hav(^ cuiough 
data to give any information along that field. Possibly Dr. Ilcrty might know wh(‘ro 
that is being done. The very idea of the iron-oxide control is to keep tlie oxid(\ low 
and add what is desired to bring it up to the final figure that is nec^essary to contrrol 
the phosphorus. 

L. F. Reinartz. — Dr. Herty, have you had any succ(^s» in n‘.ducing iron oxidci in 
high-carbon steel? 

C. H. Herty, Jr., f Pittsburgh, Pa. — Before I answer that question, I would like 
to answer a point that Mr. Carlin brought up. When you try to talk about high 
silicon and low iron oxide, and why one is high and the other low, you are apt to g(st 
into a circle, where one effect follows another, and I think very often wo gcit mixed up 
as to what is the cause and what the effect. 

In the work wc did at Edgewater, wo used our now viscosimotor to ixietisuro 
fluidity of the slags. We took many measuremientB with it. We had a coinploU^ 
record of that. It was apparent from the start that the real reason for low iron oxide 
with high silica was because there was an extremely fluid slag all thc^ way tliroxigh 
the heat. With high lime, the slag tended to be very visc-otis and the transfer of iron 
oxide from gas to slag was faster than from slag to nuital. Tlu‘r<jfons tlu^ iron 
oxide built up. For that particular period of heat we wer <5 able to plot tlu^ rat(^ at. 
which iron oxide built up against the slag viscosity. W(i found that aftcT m) obt.aiiu'd 
what normally is called a medium slag, a measurement of about 2 in. on our viH(‘OHi- 
meter, all the pick-ups were of about the same nature, they varied only about 10 per 
cent, but as soon as we had a very heavy slag the pick-up increased and there would 
possibly four or five times the rate of build-up of iron oxide in a heavy slag than in a 
fiuid slag. That is particularly true during the lime boil when there ans lumps of 
lime dissolving in the slag, making the bottom of the slag so stiff that at tirm^s samjxh^s 
could not be taken. We concluded that it was not the basicity of tlie slag in this 
period because the slags are all on the acid side when melting down, but it wiiS 
the viscosity. 

So if the slag was kept thin by the use of high-sUicon iron, the tendency was t(^ 
prevent iron oxide from building up and the heat naturally came low in F(^0. On the 
other hand, if an iron low in silicon was charged the heat finished high in iron oxide. 
That was checked out on every heat that we followed, about 26 or 30. 

When the period after the heat is melted is reached and working is Ix^gun, it 
becomes very apparent that in that case the basicity in addition to fluidity affxicts 
the iron oxide very much, and if the percentages of silica and lime are tabulaUxl it 
will be found that above a certain range of values in the high-limo side there will be a 
pick-up of iron oxide in the slag. On the other hand if the lime and silica are below 

* A^istant General Superintendent, American Rolling Mill Co. 
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certain critical v alues there will be a definite loss of iron oxide from the slag and at 
some intermediate range the slag will stay almost constant in iron oxide. 

The thing we are interested in is why that happened, because if we know why, 
we can do something about it. Tliere are certain objections to our method of measur- 
ing fluidity with respect to the melting points of slags. The normal time taken to 
pour a sample for slag viscosity is 3 to 4 sec. after the spoon is taken out of the slag. 
On siliceous slags the spoon may be held above the viscosimeter for a minute to a 
minute and a half with very little loss in fluidity, but with basic slags there is an 
immediate loss of fluidity if the spoon is held longer than 4 sec. In other words, 
siliceous slags have very slight change in viscosity with falling temperature. If there 
is a temperature gradient in the slag, as there must be when the metal is being heated, 
you can see that in a basic slag the bottom of the slag must be less fluid than the top, 
whereas acid slags would have the same fluidity all the way through. The difference 
between those fluidities will mean a great difference in rates of transfer from the gas 
into the slag and from the slag into the metal. On that basis, there is absolutely no* 
reason, if there is high iron oxide in the slag, why you should not add sand to stop the 
iron oxide from building up, or actually to get a decrease. I know of one company 
that does that constantly. 

We find that the same raetliods of control we used on this high-carbon killed steel 
ii'Pply to rimmed steel, except, of course, that in the latter an entirely different iron 
oxide content is desired. 

R. C. Goon,* Pittsburgh, Pa. — If we combine the conclusions in this paper with 
the conclusions in papers that have appeared in the last few years in regard to iron 
oxide in slag and iron oxide in steel, we are led to believe that a high-phosphorus 
steel would be a clean steel. Did Mr. Reagan find that to bo the case in any of his 
work, between, say, two stools, one of 0.025 per cent phosphorus and one of 0.012 
per cent phosphorus? Is therci a difference in the quantity of inclusions? 

W. J. Rmagan. — 1 am unable to answer that question directly, but I know that at 
one of the Pittsburgh plants the steels higher in phosphorus are considered the cleaner 
stools. Perhaps a liUlo latcir on in the Investigation we have under way we can tell 
more about it. In tbcj low<^r carbon stools, that is very typical. 

(3. n. Hekty, Jit. — Wo liavo recently had six heats of low JFoO and six of high 
P<^0, picked for ili<ur I<VX) content alone, and compared them by inclusion count for 
cleanliness. In tlic tapping slag on the six heats of low FeO steel we got an average 
of about 0.0 JO per (MUit inclusion by the inclusion count and on the high FeO slags, 
the averages was 0.018. The high FoO slag gave stool just about twice as dirty as the 
low FoO slag. The ingot size was the same in all tests. 

L. F. RioxNAitTis. — The heat containing low FoO produces a stool with relatively 
high phosphorus, and that is the cleaner stool. You would not attempt to go down to 
3 or 4 per ccjnt FoO in the slag of a high-carbon heat, would you? 

W. J. Reagan'.— No. Wc arc rather on the edge just now. We arc trying to 
choos(^ the iron oxide wo should try for. Apparently phosphorus around 0,025 
per c(uit is much more to our advantage, as far as clean steel is concerned, than a 
lower phosphorus. Just at present we are not sure just what wo want, but it seems 
to be in that neighborhood. 

h. F. Rbinahtz. — F urthermore, in plants where various grades of stool are being 
made instciad of one grade of high-carbon steel, it is much more difficult to reach 


* Metallurgist, Electro Metallurgical Sales Corporation, 
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extremely low iron oxide content in the slags, as Mr. Reagan Inis reportcMl. In our 
practice we cannot reduce the iron oxide as low as reporUul because our furuacai banks 
are more or less polluted with iron oxide from rimming steels. It is, th<‘.refore, vory 
difficult to obtain very low iron oxides in tlu*. slag. 

H. W. Graham,* Pittsburgh, Pa. — I womh^r if we should not b(‘ a littU^ <;autious 
in our thinking about phosphorus content. Jjct us not make th(^ nlis^.ak<^ of thinking 
that wc can afford to greatly increase the phosphorus conbuit for tiui saket of an 
apparent increase in cleanliness. After all, we are not running an opcm Inearth just 
for pleasure. We are trying to make a product that is useful to the ust'.r of th<i sbu^l, 
and on that basis I would be very careful about the kwel selected for phosphorus con- 
tent. Wc know perhaps loss about what phosphorus nially does to sb^td tluui alniost 
anything else in the whole steel business; and the effect upon the physic*, al propt^rtievs 
of the resulting steel and its behavior through the many opcjrations that Hte(d is Hubj(‘(*.t 
to is something that should be borne in mind. That may not b(i (»ru(! b(d»W(uui nda- 
tively minor variations of phosphorus content. T would not suppose that it would Ix^ 
true between a phosphorus of perhaps 0.008 and 0.018, but if th<i phosphorus content 
does vary widely I would expect to find some kind of an answ(‘r, and perhaps an 
unfavorable one, in steel quality. 

W. J. Reagan. — I did not intend to say that wc would incnwiso th(» pliosphorus 
beyond our present limits, which arc 0.04 per cent. The id(^a I wished to present is 
that we can control the phosphorus very accurately in the final sttud analysis. If we 
iSnd 0.010 per cent desirable we can finish the steel within a very narrow range of this 
figure. If we find 0.020 phosphorus more desirable, we (jari (uisily finish th (5 h(‘,atH 
within a very narrow range of 0.020 phosphorus. 

Member. — In steels containing in the neighborhood of 0.01 pc^r cent phosphorus, 
has there been identified in the inclusion count of those steels any t)hoHph()ruH? 

C. H. Hbrtt, Jr. — W e did some work throe years ago to see liow nundi j)h()HphoruH 
there was in electrolytic residue and it was so small that it was (luestionabh^ wh(^th(‘.r 
there really was very much there. That was on stool of about 0.020 or 0.025 pt‘.r 
phosphorus. In other words, wo got just a trace of phosphorus; not luiarly as mu(*,h 
as of sulfur. 


* General Metallurgist, Jones <fe Laughlin Steel Corporation. 


Critical Studies of a Modified Ledebur Method for 
Determination of Oxygen in Steel, II 

By T. E. Brower,* B. M. Larsen* and W. E. Shenk,* Kearnt, N, J. 

(New York Meeting, February, 1934) 

Shoetly after our previous paper on this subject was printed,^ we 
located a source of uncertainty in the results arising from the unexpected 
fact that hydrogen slowly reduces silica at 1100° C. in presence of iron, 
even when the iron nowhere touches the silica, although in absence of iron 
it does not do so. This difficulty has been completely obviated by the use 
of a small high-frequency furnace, which enables us to heat the specimen 
for analysis without raising the temperature of the silica vessel to a point 
at which any appreciable reduction of the silica glass occurs. We now 
describe this modification of procedure, and present some typical results 
obtained with it. For any given specimen of steel, the results are entirely 
definite and reproducible, but their precise significance is still open to 
some question, as indeed is true of all methods of oxygen determination so 
far developed. Further elucidation of this question is to be expected 
from the cooperative comparison of the several methods now under way 
under the auspices of the Bureau of Standards at the instance of the Iron 
and Steel Division of the A.I.M.E. 

Appaeatus 

The final form of apparatus wo have used is identical with that 
described and illustrated in our previous paper, except for the substitution 
for the Globar furnace of a small high-frequency furnace actuated by a 
vacuum tube oscillator® of about 1.5 kw. capacity, and for a slight modifica- 
tion of the containing vessel. This transparent silica vessel is illustrated in 
Fig. 1 of this paper. Its enlarged portion is about 5 cm. in diameter and 
13 cm. long. The silica tube for inlet of hydrogen is fused into this 
bulb and ends beneath the metal ‘‘bucket'' holding the steel sample. 
This sample is in the form of fine millings. The “bucket" is suspended 
by a platinum wire from the cap of Pyrex glass. The high-frequency 

Manuscript received at the office of the Institute Deo. 8, 1933. 

* Pesearch Laboratory, United States Sfceel Corporation. 

4 B. M. Larsen and T. E. Brower: Critical Studies of a Modified Ledebur Method 
for Determination of Oxygen in Steel. Tram, A.I.M.E. (1932) 100, 196-227. 

* General Electric Co. tube converter, as per specifications RA-1322, supplied by 
Ajax Electrothermic Corporation. 
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coil, which comprises 14 turns of water-cooled copper tubing, is 5.5 cm. 
diameter and 10 cm. long; it is arranged so that it may readily be raised 
about, or lowered away from, the silica vessel. 

Temperature is measured by an optical pyrometer sighted down into 
the bucket through a small silica window sealed into the Pyrex cap. 

The readings were calibrated by 
observing the melting of a small 
piece of pure copper placed on 
top of the sample. 

Co7itainer for Sample . — This 
bucket is really the heating unit, 
for the current induced in it sets 
up a magnetic field, which lessens 
the field inside the bucket to such 
an extent that little heat would 
be developed within the sample 
even if it were a solid piece of 
metal. That the sample is finely 
divided tends to aggravate this 
condition because the effective 
electrical resistance to the induced 
current is high as compared to 
that of a single block of the same 
metal. Selection of the test ma- 
terial for the bucket consequently 
is based largely upon electromag- 
netic requirements; namely, that it should be as nonmagnetic as possible at 
room temperature, that its magnetic transformation, if any, should occur 
at a relatively low temperature, and that its specific resistance should bo 
relatively high. It should be nonmagnetic because the tuning of the 
oscillator for satisfactory operation depends upon the magnetic character- 
istics of the bucket; if the tuning is proper for the nonmagnetic condition, 
which is that of any bucket at the final temperature, it will not bo right 
at low temperature for a bucket which is then magnetic. Moreover, if 
the change in magnetic characteristics is large and occurs at a high tem- 
perature, one would have to adjust the tuning with care in order to utilize 
the power effectively, for otherwise much of the power delivered to the 
oscillator appears as heat in the plates of the tubes, which may thus be 
damaged. 

After some trials with iron, nichrome, and stainless steel, we finally 
used a bucket of Invar (35 per cent nickel, 65 per cent iron), which has a 
relatively high electrical resistance and ceases to be appreciably magnetic 
at relatively low temperature. The bucket finally used, machined out 
of a solid rod of Invar, is 2.2 cm. diameter, 6.5 cm. long, and about 0,6 mm. 



Fig. 1. — Silica vessel as used with induc- 
tive HEATING OF THE SAMPLE. 
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wall thickness. A number of very small holes were pricked in the lower 
portion of the bucket to facilitate the circulation of hydrogen through the 
sample of millings. Such a bucket apparently can be used indefinitely. 

In order to remove all oxygen from the metal of a new bucket, it was 
heated in hydrogen at 1200*^ to 1250® C. for 6 to 8 hr. With a bucke t so 
treated, we have repeatedly obtained blank values of 0.1 mg. H 2 O, or 
less, for periods of heating of 2 to 3 hr. This constitutes a real check 
on the method because such a blank reproduces all the conditions of the 
actual determination; and shows that with inductive heating, such that 
only the sample and the oxygen-free bucket are at the high temperature, 
we have removed the last source of blank error. 

Overload Relay for Oscillator Circuit — In order to obviate damage to 
the tubes in case the oscillations are suppressed for any reason, it was 
considered advisable to provide for an automatic shutoff of the plate 
voltage in that event. The manufacturer states that the maximum safe 
power dissipation at the plates is that which heats them to a cherry 
red,’' about 800® C. If the power dissipated at the plates of the tubes 
exceeds this value, the protective device must interrupt the plate supply 
at once. To accomplish this a modification of a scheme used by Adcock® 
was used. Since it is not practical to obtain a direct measure of the 
power absorbed in the plates as a means of motivating the protective 
device, indirect measurement is made. The power absorbed in the plates 
is the difference between the total power supplied to the plate circuit 
from the plate transformer and the power absorbed in the furnace coil 
and its charge. For any fixed given condition of charge and plate voltage, 
the input power is proportional to the plate current, and the power 
absorbed in the furnace is proportional to the voltage across the terminals 
of the furnace coil. If then the plate current, or a small portion of it, is 
allowed to flow through one coil of a differential relay, and the furnace 
terminal voltage is rectified and the resulting d.c. voltage applied to the 
other coil of the relay, the relay can be made to trip at any desired plate 
condition by adjustment of the current in the relay coils. Instead of 
using the terminal voltage at the furnace coil, suitably reduced by means 
of a voltage divider (as used by Adcock), it was considered somewhat 
safer to place a small, one-turn secondary coil on top of the furnace coil, 
but well insulated from it, to supply a voltage proportional to the furnace 
voltage* This voltage was rectified and applied to the relay coil through 
suitable resistances. The differential relay was a Model 30 Weston 
galvanometer relay, which was specially wound for this application. 
The rectifier, of the copper-copper oxide type, was built into the relay 
case. Since the contacts of this relay were not heavy enough to break. 


* F. Adcock: A Valve-operated Coroless Induction Furnace for High-temperature 
Research. Trans, Faraday Soc. (1930) 26, 544r-660. 
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the primary current of the plate transformer directly, a second relay 
capable of breaking 15 amp. was operated by the first to open the plate 
transformer circuit. The arrangement of the protective circuit in relation 
to the main oscillatory circuit is shown in simplified form in Fig. 2. 


Dkffcr'eriti«l 

ffeloy 



Pia. 2 . — Wiring diagram oi' HiaH-FRRQtmNCT gbndrator with prothotivh oiHoiiit 

AGAINST OVBKDOAD. 

Gbnbbal Mode op Operation 

A sample of millings of the steel is put in the bucket, which is then 
suspended in the containing vessel (Fig. 1) ; purified hydrogen is passed 
through, escaping at the stopcock between the silica bulb and the first 
absorption tube. A small electric resistance furnace is now raised about 
the bulb so that bulb, bucket and samples are all heated to 630® to 660® C. 
and maintained there for 80 to 100 min.; this sufiices to remove all surface 
oxygen from the sample as well as any oxygen-containing gases that may 
have been absorbed on the walls of the bulb. The weighed absorption tubes 
are now connected, and the hydrogen stream passed through the whole train ; 
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the furnace is removed and replaced by the high-frequency coil, and the 
temperature inside the bucket is raised to 1120° to 1150° C. and main- 
tained within these limits, as cam readily be done by occasional observa- 
tion and adjustment in spite of minor variations of line voltage. Under 
<.hcse conditions the oxygen is substantially all removed in 100 to 
120 min., and appears as HsO in the two absorption tubes, which are 
finally weighed again. 

There is some volatilization of metal from bucket and sample, at 
1150° C. in a hydrogen atmosphere, though much less than there would 
be in a vacuum. This results in the gradual formation of a black film 
over the inside surfaces of the silica bulb. We have made a practice of 
removing this metal film by soaking the bulb in acid after every dozen 
determinations, but we have never seen any indication that this film 
causes any blank error, presumably because the silica walls, heated during 
the actual determination only by radiation from the bucket, are not at a 
temperature above 400° C. Occasionally we have had a blank correction 
of 0.2 to 0.3 mg. H 2 O per hour arising from an incompletely reduced 
catalyst; but normally the blank correction is now practically zero. 

Separation of Surface Oxygen from Oxygen Contained in the Meted . — 
The question has been raised as to whether in the pretreatment of the 
sample in hydrogen at 500° to 550° C. for 100 min. we succeed in removing 
all of the surface oxygen but none of that contained in the steel. It is 
almost impossible to answer this question definitively. We have only 
indirect evidence, which points unmistakably, in our view, to the sub- 
stantial reliability of our procedure. On the one hand, the curve of 
oxygen evolution at this low temperature flattens out definitely within 
this period, no weighable amount of water being evolved after 2 hr. 
additional. Moreover, analysis of a sample of a 0.5 per cent aluminum- 
iron alloy gave less than 0.1 mg. HjO in both absorption tubes together, 
and an ingot-iron sheet, previously treated in moist hydrogen at 1500° C. 
for 18 to 20 hr., yielded only 0.002 per cent oxygen. These low values 
show that the amount of surface oxygen not removed by the low-tempera- 
ture treatment must bo almost negligible, of the order of 0.001 per cent 
or less. On the other hand, that this pretreatment does not remove any 
appreciable amount of the dissolved oxygen is probable from (1) the low 
diffusion rate of oxygen in steel even at 1100° C. (discussed in a later 
paragraph), a rate which must fall to an extremely low value at 550° C., 
and (2) the fact that in several cases our value for oxygen content is 
somewhat higher than the value obtained by the vacuum fusion method 
on the identical material in massive form. 

Absorption of Nitrogen Evolved from Sample. — The comparison just 
alluded to brings up the question whether our slightly higher results 
could be attributed to the absorption of some form of nitrogen evolved 
from the sample. At 1100° 0. NHj and most of the other possible 
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nitrogen compounds should be almost completely dissociated, but it is 
not certain that the gases leaving the sample will be at the equilibrium 
corresponding to the temperature of the sample. To check this possible 
source of error, the total combined nitrogen content of the P 2 O 6 in 
each absorption tube was determined, after the tubes had been used for 
the analysis of 30 to 40 steel samples; this was done twice. In both 
cases the first tube contained about 2 mg. of nitrogen and the second 
tube contained none. By totaling up the nitrogen content of all the 
samples that had been run in each series, it was found that the amount 



Fig. 3. — Oxygbn-exteaction curves (^4) for 0.9 carron, (/i) 0.09 (jakron hi’KWu, 

WITH BOTH RESISTANCE (AT 1120° C.) AND INDUCTIVE HEATING (1160° C.) 

of nitrogen in the absorption tube amounted to from 10 to 15 per cent of 
the nitrogen contained in the samples used. The nitrogen content of all 
ordinary steels runs between 0.002 and 0.018 per cent, so that this source 
of error would in no case be more than the equivalent of 0.002 per cent 
oxygen. Although an approximate correction can be made on this basis 
(around 0.001 per cent or less for basic open-hearth steeband 0.001 to 
0.002 per cent for electric or bessemer steel) it is almost too small to be of 
any significance, since the probable error in the whole procedure is about 
±0.002 per cent oxygen. It is probable that this small amount of 
combined nitrogen from the sample is in the form of ammonia. Nitrogen 
atoms on the surface of the sample may have a tendency to evaporate 
as NHs molecules, and all of these may not break down to nitrogen and 
hydrogen before they are carried out of the heated Eone in the bulb. 

RcUe of Extraction of Oxygen . — ^This is illustrated by Figs. 3 and 4. 
In the former the curves represent the actual cumulative weight of HaO 
recovered on successive heating periods from two steel samples, both 
with the resistance heating through the bulb as used previously and with 
inductive heating of the sample- Both samples were from the same steel 
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(a semi-killed bessenier steel with 0.09 per cent C.) but sample A was 
milled from the outside layer of a bar after pack-carburizing and con- 
tained about 0.9 per cent C., whereas sample B was the original uncar- 
burized steel. This comparison brings out clearly the larger blank error 
of the previous method, particularly with higher carbon steels, and the 
practical elimination of this error with inductive heating. The more 
rapid initial extraction of oxygen with the newer set-up is presumably 
due to the higher temperature, 1150° as compared to 1120° C. 

In Fig. 4, curve A is for a 30-gram sample of ingot iron, this sample 
being the so-called “international sample” from the Bureau of Standards 



TIME AT II50‘C-MIN 

PlO. 4. — OXYQEN-BXTUACTION CORVES FOR (A) 30 GRAMS INGOT IRON; (B) 20 GRAMS 

BI.ECTROLTTIC IRON. 

in which the oxygen had been determined, both there and at Aachen, by 
the vacuum fusion method, according to which the oxygen content^ was 
0.055 to 0.062 per cent. Curve B is for a sample of electrolytic iron. 
On the basis of these, and of a number of other similar curves, we have 
chosen a period of 110 to 120 min. for ordinary samples; for after this 
period the curve is either entirely flat or rises very slowly. Using this 
period we get definite and quite reproducible values; thus for the ingot 
iron (curve A) 0.067 per cent and for the electrolytic iron (curve B) 
0.018 per cent oxygen. 

Diefusion Rate of Oxygen theough Steel at 1100° C. 

The data in Figs. 6 and 6 are included here chiefly because they show 
that the mechanism of oxygen extraction from a sample of solid steel 

* * H. O. Vaoher and L. Jordan: Determination of Oxygen and Nitrogen in Steels 

by the Vacuum-fusion Method, U. S. Bur. Stds. JniL. of Besearch (1931) 7, 376-401. 
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is probably a true diffusion process. The curves in Fig. 5 show the rate 
of oxygen evolution at 1100° C. (as milligrams of water vapor from 20- 
gram samples) from a sample of bessemer steel with an “oxygen content” 
of about 0.045 per cent. The material, instead of being fine millings, 



was in the form of very thin ribbon, crumpled up and packed into the 
metal container; the only variable between the curves in Fig. 6 is the 
thickness of the ribbon, the values being 0.0066, 0.0047, 0.0083 and 0.0016 
in. for the four samples, all from the same steel. This gives a definite 
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distance for diffusion before the oxygen atoms reach the surface of the 
metal, and the process can then be treated mathematically on the basis of 
the postulates that: (1) the law of diffusion is applicable, (2) the initial 
concentration of oxygen in solution through the ribbon sample is uniform, 
and (3) oxygen atoms diffuse through the solid metal to the surface 



FlO. 6. — OXYCIBN-KXTRAOTION DATA OV FlO. 6 PLOTTED AGAINST </a* AND COMPARED 
WITH THE CURVE OP EQUATION 2(fc =■ 1.08 X 10“*). 


whence they evaporate very quickly as H 2 O molecules. Solving the 
usual differential equation representing Tick’s law 


de _ . 3^0 
di ~ ^ 


11 ] 


for the boundary conditions present here — ^that is, for a thin plate exposed 
on both sides — we get the following series: 

s / ^ l! 1 21:! 1 £1:1 \ 

I- * * +^2^"“*’ * +j [2] 

where c is oxygen concentration at the distance x from the plate surface, 
Q is the fractional amount of the total oxygen diffusing to the surface in 
time t, k is the diffusivity constant and 2a is the thickness of the plate. 

This is a rapidly converging series, so that even the second term is 
very small except for small time periods. Inspection of formula 2 shows 
that if the factor kt/a^, which is common to all the exponents, is held 
constant, Q must remain constant. This condition is fulfilled if the 
square of the thickness o is increased proportionally with the elapsed 
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time or with the coefficient of diffusion ft. This conclusion is important 
in comparing the experimental results obtained with specimens of differ- 
ent thickness; since, if k remains constant, and the time scale is changed 
proportionally to the square of the thickness of each specimen, the curves 
obtained will be identical. This is done in Fig. 6, in which oxygen 
evolved as H 2 O was plotted against t/a^, and it is clear that all the points 
fall very close to a single curve, in accordance with the formula. The 
curve drawn in Fig. 6 is the curve of equation 2 for k = 1.08 X 10“^ 
the value averaged from those given by the several experimental values. 
The close agreement between the experimental points and the theoretical 
curve for diffusion suggests that this value of k is reasonably reliable; but 
it would be desirable to check it on a series of pure iron-oxygen alloys. 
There is no reliable figure for the solid solubility of oxygen in steel at 
1100'^ C., and so we cannot be sure that the second postulate above is 
strictly fulfilled. 

This result points strongly to the conclusion that we are dealing here 
with diffusion of oxygen through the solid metal, on which basis the value 
of k represents the specific diffusivity of oxygen through steel at 1100^ ( 1 . 
This value is very much lower than those reported by Bramley^‘ for carbon 
and nitrogen at the same temperature, namely: 

ifeA-rlXCO** a, 

Hq. Cm. ima Sne 

Carbon 45. X 10“* 

Nitrogen 40. XlO * 

Oxygen O.l X 10 « 

This comparison indicates that oxygen diffuses much more slowly than 
carbon. This is in harmony with the experience of Decroly,*^ who was 
unable to detect any appreciable diffusion of CO through a thin steel 
tube at 1000° C. It is very probable that CO molecules cannot diffuse 
as such through solid steel; yet, if oxygen could diffuse at a ratci com- 
parable with carbon, one would expect that an appreciable number of 
oxygen atoms produced by dissociation of CO could diffuse through the 
metal, and* then recombine with carbon to reform CO on the other side. 

Rate of Extraction of Various Oxides by Hydrogen from Steel 

AT 1100° C. 

So far we have considered the oxygen as if it were all dissolved in the 
steel; but oxygen occurs there in other forms also, and it is important to 
ascertain, if possible, which of these several varieties are recovered in any 

® A. Bramley: The Diffusion of Carbon and Nitrogen into Iron and Steel. Iron 
and Steel Inst., Carnegie SchoL Mem, (1926) 15, Pt. 2, 166-74. 

The dimensions of k are cm.*/sec.; the numerical value applies when time is 
expressed in seconds and the thickness of metal in centimeters. 

® C. Deoroly: Study of the Diffusion of CO through Steel in the Neighborhood of 
800° and 1000° C. Chim. et Tnd. Special No. 484-9 (March, 1931). 
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mo<ihod of extraction and analysis. For the present discussion, we may 
classify the possible forms as: (1) FeO oxygen, which may be present 
either as (o) oxygen atoms “dissolved” or dispersed through the lattice 
of the iron, or (b) FeO inclusions, precipitated in the liquid iron or during 
freezing, and perhaps also as tiny particles separated from solid solution; 
or (c) FeO present as a constituent of oxide or silicate inclusions; (2) MnO, 
SiOj, AI2O3, or other oxides present in inclusions. 

Through the courtesy of Dr. C. H. Herty, Jr., we had available 
several specimens of steel that had been made by treating small samples 
from the same bath of steel with different deoxidizers so that each sample 
should contain substantially only a single type of inclusion. The com- 
position of four of these samples is shown in Table 1. 


Table 1. — Composition of Samples Containing Definite Types of Inclusions 


•Sample 

(y, Per Cent 

Mn, Per Cent 

Si, Per Cent 

Deoxidizer 

A 

0.04 

0.08 

0.008 

None 

B 

0.07 

0.10 

0.003 

Aluminum 

C 

0.07 

0.11 

0.185 

Silicon 

D 

0.07 

0.65 

0.008 

Manganese 


The rate of extraction of oxygen from these four samples is shown in 
Fig. 7. In A, which was poured wild, some of the oxygen present in the 
liquid metal had escaped as CO gas during the freezing of the ingot, but 



Fia. 7. — OXTOEN-EETEACTION OUBVBS FOR SAMPLES PROM A SINGLE EXPERIMENTAL 

heat: (A) NOT deoxidized; (/i) killed witu aluminum; (C) killed with silicon; 

(O) KILLED WITH MANGANESE. 

that remaining was unboubtedly present essentially as FeO inclusions and 
dissolved oxygen: its curve flattens out almost completely after a little 
over 2 hr. at 1160® C. Nearly all the oxygen in B should be present as 
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AI 2 O 3 inclusions, which may contain a small percentage of FeO, with a 
very small amount of dissolved oxygen; its curve finally flattens at a value 
for oxygen which is only a fraction of that present as AUO 3 . The first 

1 to 2 mg. H 2 O may represent dissolved oxygen, but the extra 2 mg. must 
have come either from FeO contained in the AI2O3 inclusions or possibly 
from a slow reduction of the very tiniest AI2O3 particles. From 0, 
deoxidized with silicon, we obtained during the first to 2 hr. a rapid 
extraction' of what is presumably dissolved oxygen together with FoO in 
inclusions; the curve then gradually rounds off until after about 4 hr. it 
settles down to a steady rate of about 0.35 mg. H 2 O per hour, which 
almost certainly represents a slow reduction of Si 02 inclusions. This 
continues up to about 36 hr., after which the curve flattens off definitely, 
indicating complete recovery of all oxygen in the sample. In our earlier 
paper evidence was given that Si 02 does reduce slowly in hydrogen, when 
either pTMinum or iron is present, and there is little reason to doubt thjit 
this happened with the Si 02 inclusions in the present case. With 1), 
deoxidized with manganese, the curve is very similar, settling down after 

2 to 3 hr. to a slow rate of reduction of MnO, this rate being almost exactly 
the same as that for Si 02 . 

In general, these results indicate that in the 2-hr. period of heating 
used in the analyses we should obtain essentially all the oxygon present 
as dissolved oxygen or FeO inclusions and probably a largo part of t,he 
FeO present in inclusions of silicates or oxide mixtures, but only negligible 
amounts of the oxygen present as Si 02 , MnO, and AUOs- In any case, 
ob'viously the amount of oxygen extracted in a given period from inclu- 
sions will depend not only upon their amount but also upon their size 
and distribution; and this circumstance makes us wonder whether any 
absolutely clear-cut separation of the several forms of oxygen is feasible 
by any single method. In a recent paper on vacuum fusion extraction, 
Reeve'' describes a method for substantially separating the fractious 
of the total oxygen present as FeO, MnO, Si 02 and AUOs by successive 
heating periods of 1000 ® to 1060° C., 1150° C., 1300° C., and 1560° to 
1600° C., respectively. Our results are in general accord with his, 
in so far as comparison is possible, except that in the present work the 
reduction rates for MnO and Si 02 at 1150° in the solid metal in hydrogen 
seem to be very nearly the same. Reeve’s results indicate that (in his 
set-up with the steel melted into a tin-iron alloy) the Si 02 requires a 
higher temperature for rapid reduction than MnO. 

In a recent paper, Chipman® gives some calculated curves for equilib- 
rium between silicon, manganese, aluminum and the residual FeO in the 

^L. Reeve: Improvements in the Vacuum Fusion Method for Determination of 
Ghises in Metals. This volume p. 82. 

> J. Chipman: Application of Thermodynamics to the Deoxidation of Liquid Steel. 
Amer. Soc. Steel Treat. Preprint 18 (1933). 
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licinid steel. The values in Table 2, estimated approximately from his 
curves, arc compared with the values for about 100 min. of heating from 
Fig. 6. These values do not check particularly well, especially for the 
silicon deoxidation, but they are in the same order and at least tend to 
substantiate Chipman’s conclusion that aluminum is a much stronger 
deoxidizer than silicon. 


Table 2. — Estimated Values from Chipmau’s Curves 


Hamplo 

Per Cent Oxygen by 

Ha Reduction 

Per Cent O^gen in 
Liquid Steel, Cfalculated 

Deoxidizer 

B 

0.006 

0.0005 

Aluminum 

0 

0.035 

1 0.008 

Silicon 

D 

0.062 

0.08 

Manganese 


Of the four “varieties” of oxygen in steel listed above, we believe that 
this modified Ha reduction method gives us: forms la and 15 (dissolved 
oxygen and FeO inclusions) with fair completeness, but only a negligible 
amount of form 2 (oxygen from MnO, SiOa and AI2O3). The real diffi- 
culty with the interpretation of oxygen values by this method arises from 
the fact that it very probably gives also most of the oxygen of variety 
Ic; i. e., that present as FeO contained in oxide or silicate inclusions, 
where the FeO is mixed with MnO and SiO*, which are formed by pre- 
cipitation in the liquid metal and during freezing. In such cases, the 
amount of oxygen remaining in solid solution in the steel at the freezing 
point just after solidification is complete will depend only on the composi- 
tion of the inclusions (increasing with their FeO content) and not at all 
upon the amount of these inclusions. This means that some caution must 
be used in interpreting the oxygen values obtained by Ha reduction, or for 
that matter, by any other method. The interpretation is aided by deter- 
mining the amount and composition of the inclusions by microscopic 
examination or by some inclusions extraction method, and by a knowledge 
of the details of the deoxidation procedure employed in making the steel. 
For example, we found an oxygen content of only 0.014 per cent in the 
rim portion of a rimmed basic open-hearth ingot; this steel was very clean, 
but the few small inclusions were rich in FeO and nearly all the oxygen 
found was probably solid solution oxygen. In bessemer steel completely 
killed with an excess of silicon-zirconium alloy, we found only 0.007 per 
cent oxygen, but this steel was extremely dirty, and there was probably 
almost no solid solution oxygen, the small- amount recovered being largely 
present as FeO in the large amount of zirconium silicate inclusions present. 
In a semi-killed bessemer steel, on the other hand, the Ha reduction analy- 
sis gave 0.038 per cent oxygen, a large part of which was present as FeO 
in the large amount of ferrous silicate inclusions contained in this very 
dirty steel. 
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Typical Results on Various Steel and Iron Samples by the Ha 
Reduction Method at 1150° C. 

Table 3 lists values for oxygen by the Ha reduction method in different 
types of samples. In some cases, several samples of one type were 
analyzed; in a few eases, only one sample is represented. 


Table 3. — Typical Oxygen Values by the Ht Reduction Method 


Sam- 

ple 

No. 

Description of Sample 

“If'oO Oxygon” 
C'ontont, 

Por Cent Ot 

1 

Open-hearth ingot iron, C 0.02 per cent, no excess Si or Al 

0.040-0.060 

2 

Electrolytic iron 

0.018-0.024 

3 

Pure iron melted in vacuum 

0.003-0.006 

4 

Ingot-iron sheet treated for 16 to 20 hr. in H 2 at 1600® C. 

0.002 

6 

Carbonyl iron, pressed from powder and rolled to solid sheet 

0.012 

6 

Iron-aluminum alloy, 0.25 per cent Al 

0.002 

7 

Iron-aluminum alloy, 0.60 per cent Al 

0.000 (trace) 

8 

0.06 to 0.08 per cent 0 steel poured wild with no deoxidizer 

0.040 

9 

Semi-killed bessemer steel 

0.038-0.046 

10 

Rimmed bessemer steel 

0.022 

11 

Bessemer killed, 0.12 per cent Si, 0.10 per cent Zr 

0,007 

12 

Semi-kiUed open-hearth steel 

0.024-0.030 

13 

Rimmed open-hearth steel 

0.014-0.018 

14 

Low and medium-carbon killed steels, Si 0.10 to 0,26 per cent, 
no excess Al used in deoxidation 

0.012-0.033 

16 

Low and medium-carbon killed steel with excess Al used in 
deoxidation, 0.02 to 0.04 per cent metallic Al 

0.004 0.000 


Several so-called “pure iron” samples made by vacuum melting with 
a trace of excess carbon to insure deoxidation have always given' a little 
oxygen, from 0.003 to 0.006 per cent. It is quite possible that all the 
oxygen in a vacuum melt does not get out of the steel as CO gas, because 
of a limited diffusion rate from a large mass of liquid metal. Iron 
reduced in hydrogen at 1400° to 1500° C. was apparently lower in oxygen, 
from zero up to 0.002 per cent. The sample listed above (No. 4) was 
reduced in moist hydrogen; the use of dry hydrogen during the last part 
of the heating should give a still lower value. 

In general, semi-killed steels run higher than rimmed steels, largely 
because of a greater loss of oxygen as CO gas during freezing of the 
rimmed steel, and in such semi-killed steels a greater proportion of the 
oxygen is present as FeO in inclusions. For any one type of steel, besse- 
mer steel is likely to run higher than open-hearth steel. Ordinary low 
or medium carbon killed steels which have been treated with excess 
silicon but with little or none of any stronger deoxidizer (such as 
aluminum or zirconium) do not usually give very low oxygen content by 
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this method; results have ranged from 0.012 to 0.033 per cent, much of 
which represents FeO present in the widely variable amount of silicate 
inclusions always found in such steels. In well made steels of the 
so-called “nonaging” type, we obtain lower oxygen values, usually around 
0.004 to 0.008 per cent; as might be expected from the use of excess 
aluminum in the ladle, which results also in the presence of 0.02 to 0.05 
per cent residual metallic aluminum in the finished metal. 

We also made a few comparative determinations of oxygen by this 
method on the same steel before and after carburizing, with results 
shown in Table 4. 

Table 4. — Comparaiive Determinations of Oxygen 

Oj, Per Cent 
By Ha Reduction 


Original After 

Carburization 

Semi-killod bcssemcr steel 0.043 2-in. square billet, pack-carburized 

920° C., 18K hr. 

Depth of case 0.10 in. 

0.049 Outer 0.06 in. layer of case. 

0 .043 Second 0.06 in. layer of case. 

0.032 Carburized in oxygen-free Hj-l- tolu- 
ene at 980° C. 27 hr. 

Electrolytic iron 0.022 0.022 Pack-carburized 920° C. 17 hr. 

Electrolytic iron 0.019 0.021 Pack-carburized 920° C. 17 hr. 

0.013 Pack-carburized 1076° C. 17 hr. 

Thus there is little, if any, change in oxygen content, as determined 
by our hydrogen reduction method, during pack-carburization at 920° C.; 
an appreciable lowering during pack-carburization at 1075° C. and also 
in the hydrogen-hydrocarbon atmosphere at 980° C. This last lowering 
would have been much greater undoubtedly but for the slow diffusion 
rate of oxygen in steel even at that temperature. These results are in 
harmony with calculations based upon present knowledge of the equilib- 
rium in the reactions concerned. 

In the reaction 

FeO -f CO = Fe -H COs [3] 

solid solid 

the solid phases are FeO (containing a Uttle extra oxygen, sometimes 
called wiistite) and iron saturated with oxygen; if reduction is continued 
until the FeO phase has disappeared, we have a single solid phase of 
iron with a varying concentration of FeO, and so write the reaction 

FeO -1- CO = Fe -1- CO* [3] 

dissolved solid 

in iron 
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the equilibrium constant of which kz == where the (luanti t.y 

[FeO] represents the activity of the dissolved FeO, which becomes unity 
as soon as the iron becomes saturated with respect to FcC). At 950® O. 
fcs = 0.43, and therefore 

[FeO] = X [4] 


From Becker’s data® on the carburizing equilibrium we find that at 
950° C. a gas mixture comprising 14.2 per cent COz and 85.8 per cent CO, 
or a (COz)/(CO) ratio of 0.165, will just carburize a 0.10 per cent carbon 
steel. Under these conditions [FeO] at equilibrium would be, in accord- 
ance with equation 4, 0.165/0.43 or 0.4. The saturation concentration 
of oxygen in steel at 950° C. is, to take an average of the rather uncertain 
available experimental results, about 0.05 per cent, this being therefore 
the concentration at which [FeO] = 1 ; whence, on the plausible assump- 
tion that [FeO] is proportional to the percentage of this saturation value, 
the concentration of oxygen in equilibrium at the carburizing conditions 
specified at 950° C. is 0.05 X 0.4 or 0.02 per cent. When the steel con- 
tains 1 per cent carbon, as in the latter part of the carburizing period, 
the limiting COz/CO ratio at 950° C. is, according to Becker, 0.025, 
whence [FeO] = 0.025/0.43 = 0.05 and the equilibrium concentration 
of oxygen = 0.05 X 0.05 = 0.003 per cent. Thus these calculations 
indicate that there should be little, if any, tendency for oxygen to enter 
steel while it is being carburized. 

On the other hand, determinations of oxygen by the vacuum fusion 
method published by Grossmann,*® indicate an appreciable increase 
in oxygen content during carburization, except on electrolytic iron, where 
the increase was very small. This apparent discrepancy we attribute 
largely to the difference in method, as the vacuum-fusion method would 
show any pick-up of oxygen by manganese, silicon, or aluminum in the 
steel, whereas the hydrogen reduction would show this, at most, only to a 
small extent for manganese and silicon and presumably not at all for 
aluminum. The requisite equilibrium data for these three cases are not 
sufficiently reliable to justify a thermodynamic calculation; but there can 
be no doubt that aluminum, and probably silicon, can pick up oxygen 
even under carburizing conditions provided that oxygen compounds are 
present in the gas phase in contact with the steel. This view is corrobo- 
rated by direct evidence, presented by Bain,“ that a 0.5 per cent alu- 


•M. L. Becker: Carburizing and Graphitizing Reactions between Fe-C Alloys, 
CO and CO,. Jid. Iron and Steel Inst. (1930) 121, 337-66. 

“M. A. Grossmann: Oxygen in Steel. Tr<m». Amer. Soc. Steel Treat (1030) 
18. 600-30. 

“E. 0. Bain: Factors Affecting the Inherent Hardenability of Steel. Trana. 
Amer. Soc. Steel Treat. (1932) 20, 386-428. 
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minum-iron alloy picked up enough oxygen during pack-carburization 
to bring about precipitation of particles of alumina in the metal. In any 
case, we now believe that oxygen plays no essential part in the process of 
carburization, however it is carried out, although it may exert an indirect 
influence upon the final result; and we look upon the carburizing process 
as a diffusion of carbon atoms in solid solution in the metal. 

Conclusion 

Our experience with the modified hydrogen reduction method of 
oxygen determination described in this paper, which is based upon a 
large number of results beyond the typical data quoted, leads us to the 
following conclusions: 

1. The surface oxygen on steel samples prepared by milling in air is 
apparently removed by a preheating of the sample in hydrogen at 650° C. 
for about 90 min. without affecting the oxygen contained in the steel. 

2. The error resulting from slow reduction of silica in the containing 
vessel is obviated by inductive heating of the sample in a suspended 
metal bucket which previously has been thoroughly reduced. Under 
these conditions, and with a properly reduced catalyst for the conversion 
of CO to H 2 O, the blank correction is practically zero. 

3. The error arising from the presence of nitrogen in the steel appar- 
ently amounts to not more than 10 per cent of the nitrogen present; this is 
ordinarily a negligible quantity, amounting as a maximum to only 
0.002 per cent in certain bessemer steels. 

4. Reduction by hydrogen at 1100° C. for 2 hr. apparently extracts: 
(1) all the oxygen present in solid solution, and (2) substantially all as 
FeO present in oxide or silicate inclusions. The reduction rates of 
SiOj, MnO, AlsOa, ZrOa are relatively so small as to yield only negligible 
amounts of oxygen from these sources in a period of 2 hr. The results 
are entirely reproducible, and we believe them to represent the total 
oxygen as FeO with an accuracy of 6 to 10 per cent. 

6. Oxygen appears to come out of the steel by a diffusion process, 
since the actual rate of extraction proves to be inversely proportional to 
the square of the thickness of the metal. The effective specific diffusivity 
of oxygen in steel at 1100° C. appears to be 0.1 X 10“® sq. cm. per sec., 
which is only about one-four-hundredth that of carbon and nitrogen. 

Summary ok Procedure Now in Use 

A representative section (or sections) of the steel sample is cut in air 
with a milling cutter so as to produce small chips 0.003 to 0.006 in. thick. 
A 16 to 30-gram sample of these millings is weighed into an Invar bucket 
previously thoroughly reduced in hydrogen, which is then suspended 
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inside a silica vessel. Through this vessel is passed, at a rate of 100 to 
150 bubbles per minute, a stream of electrolytic hydrogen, freed from all 
traces of O 2 (by passing over platinized asbestos in a refractory tube at 
850® C.), H 2 O and CO 2 . The vessel and sample arc heated by moans 
of an external resistance furnace, to 530° to 550® C. for a period of 90 to 
110 min. (the temperature being checked by a thermocouple adjacent to 
the bulb within the furnace), the effluent gases passing out into the air 
through a three-way stopcock; this treatment suffices to remove all sur- 
face oxygen from the sample as well as absorbed moisture, etc., from the 
inside of the silica vessel. This furnace is now replaced by a high- 
frequency coil, the remainder of the train is connected, and the sample is 
heated inductively to 1130° to 1160® C. (as measured by an optical pyrom- 
eter sighted into the bucket) for a period of 110 to 130 min., with a 
further flushing period of 10 to 15 min. after the sample is cool. The gas 
stream passes through a sealed Pyrex train, comprising successively: (1) a 
weighed P 2 O 6 tube to absorb H 2 O, (2) a double U-tube containing dry 
CUSO 4 on pumice to remove H 2 S, (3) a furnace tube containing a thor- 
oughly reduced nickel-thoria catalyst maintained at 260° to 275° C., to 
convert CO 2 and CO to CBU and H 2 O, (4) a second weighed P 2 O 6 tube 
to absorb the water thus produced, and (5) a bubble tube containing 
sulfuric acid. The increase in weight of both P 2 O 6 tubes, all weighings 
being against similar counterparts similarly handled, gives the “B’cO- 
oxygen” content with an accuracy of + 0.001 to 0.002 per cent. A single 
determination requires 4 to 5 hr. The blank correction is not over 
0.002 per cent oxygen provided that the train is maintained in good 
condition, particularly with respect to the catalyst, which should bo 
treated overnight at 320° to 340° C. with pure hydrogen every 4 to 6 days. 
During the final heating the millings sinter together to some extent, but 
they can be scraped out without injuring the bucket, which is then ready 
for the next determination. 

In preparing the catalyst, we have had the best results by sizing 
porcelain chips between 5 and 10 mesh, and roughing them by boiling in 
1:1 hydrofluoric acid, washing thoroughly and drying; heating 40 grams 
of the chips so prepared with Ni(N 08)2 and Th(N 08 ) 4 , in amounts 
equivalent to 4 grams nickel and 0.4 gram thoria respectively, in sufficient 
water to cover the chips, stirring constantly until the water is evaporated ; 
and then heating them in a muffle at a temperature not exceeding 350° 0. 
until fumes are no longer evolved. 
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DISCUSSION 

(L. F. Reinartz j>residing) 

L. Jordan,* Wanhington, D. C. — It has been suggested that I should take excep- 
tion to the statement that there might be ‘^something rotten'' in the vacuum fusion 
method. That I am not going to do. 

Ji. M. Larsen. — 1 would rather say that we merely have indications of ^^something 
rotten" somewhere in one of the methods. 

L. Jordan. — It is a rare analytical method, indeed, that has no shortcomings. 
One of the diflTiculties of the vacuum fusion method arises from the coalescence of 
inclusions; there is a groat deal more opportunity for coalescence and growth of the 
particle size in the vacuum fusion method than in Mr. Larsen's modified Ledebur 
method. This coalescence cuts down the rate of reduction of inclusions, even though 
the carbon may be reducing them. One of the advantages of the modified Ledebur 
mcithod is that such coalescence is not an interfering factor. 

Member. — Did you measure the rates of diffusion of oxygen in the vacuum in 
any of those vacuum-melted samples that were so low in oxygen, and in other impuri- 
ties as well? 

ii. M. Larsen. — I can only answer that in a very qxialitative way. We made 
chips of these vacuum-molted samples, obtaining, of course, a mass of steel chips of 
varying thickness, but with about the same average thickness as one of these curves. 
We wore able to obtain all of the oxygen in those samples at about the same time as 
from the ribbon samples, indicating that the rate of diffusion was about the same in 
the V(iry pure iron. 

G. B. WATEUirousE,t Cambridge, Mass. — I would like to join with Mr. Jordan 
in tlianking the authors for a splendid piece of work. Two things came to my mind 
tliat p<^rhapH are not legitimate criticism. In the first place, I thought of Hamilton's 
paper on th(i effect of oxygen upon tube piercing (p. Ill, this volume). He reached 
a very <dcan-cut comdusion. Ho got good tubes when his oxygen ran on an average of 
0.0008 per cent and bad tubes if it ran on an average of 0.010. 

Hamilton mentioned high-nitrogen steel. We put a great deal of thought on 
that a few years ago. F. D. Carney, of the Bethlehem Stool Co., maintained until 
he died that bessemor steel was not necessarily a high-nitrogen steel. When air is 
blown through it, it has every chance in the world to pick up nitrogen and should 
1)0 presumtid to bo high, but I wonder wliether Mr. Larsen has some definite figures 
cornpariug bessemor with open-hearth stool. 

B. M. Ij ARSEN. — W ith regard to the nitrogen, I have seen analyses from several 
sources and wo have some of our own. It is almost inevitable that a bessemor steel 
will nin somewhat higher in nitrogen than open-hearth steel. Bessemer steels, 
as far as I have soon, vary from about 0.010 to 0.020 nitrogen and open-hearth steel 
from as low as 0.002 to 0.008. The ranges of values in the two types of steel are defi- 
nitely separated. The fact that the iron in the bessemor convertor is in contact with 
bubbles of air containing initially about atm. of nitrogen pressure makes it almost 
inevitable that somewhere near a corresponding saturation value for nitrogen under 
that pressure will tend to be obtained, whereas in the open hearth there is relatively 
poor (jontact between metal and gas phases. 

* Metallurgist, U. S. Bureau of Standards. 

t Professor of Metallurgy, Massachusetts Institute of Technology. 
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I am much interested in Mr. Hamilton's paper. Tu a few caH(^H we hav(^ been 
able to obtain correlations between oxygon contents made by our method, ami 
properties, chiefly with regard to aging effects. 1 think that r<igardl<‘ss of whi(^h is 
the worst method, in either (?aR 0 relative values can be obtained, and in comparing 
different steels with regard to one property or anotlier, even if tlic absolutes oxygen 
content given by the method is not correct, useful information often (‘.an b<‘ obtained, 
because they are relatively significant. Mr. Hamilton has bcion kind enough to 
supply us with some of his samples, and we arc going to try to o))tain com- 
parative values. 

Xi. F. Rbinartz,* Middletown, Ohio. — The reported rc'sults on rhnming Ht<‘<‘l are 
so much lower than any figurc^s we ever have, T wonder wlietluT our methods an* so 
inaccurate tliat wo find more oxygen. Why is it thal. wo find at least, J should say, 
0.03 to 0.04 per cemtoxygem where you show about 0.02 ix^rcent? How many samples 
did you run? 

B. M. Larskn. — That was an average of thn^o or four different samph^s, of 0.08 
to 0.12 per cent carbon rimmed steel. 

S. L. HoYT,t Milwaukee, Wis. — t want to express my appreciation of this work 
that the authors have boon doing. It seems to me that the method has possibiliti<‘s 
that have not been fully appreciated. 

I have a question to ask relating to manganese oxide and the possibility of its 
interference in the reduction of iron oxide. The temperature used is U50" and 
that must be high enough to permit an appreciable reduction of inangam^se oxide 
under the conditions of experiment. That suggests that if there is manganese oxide* 
present in the samples, it will be reported in the oxygen content, whicli the authors 
appear to be inclined to report as iron oxide. Have they any information bearing 
directly on this point? 

The fractional oxygon determinations carried out by carbon redu(*.tion mak(* iiri 
attempt to distinguish bcitwecn iron oxide and mangfauise oxide, but that distinction 
is less sharply defined than the distinction between either of those two oxides and 
silica and alumina. Wo have become a little more bold on that particular point 
and now we actually try to distinguish between the iron and tlu* manganese oxide. 
For the purposes of most metallurgical work, I believe that such a distinction is 
perfectly logical, only one must bear in mind that the experimental (*rror involved 
is somewhat larger than is true of silica or alumina, but in my own work I find that it 
is desirable to make the distinction. I could cite an illustration that would bear 
out that point, but the example would not have any particular bearing on the subject 
of this paper. 

B. M. Larsen. — Dr. Hoyt's question is pertinent. Any attempt to distinguish 
accurately between different oxides in an ante.lysis of this kind would b<* lik(dy to 
overstep the mark. In the sot-up used by Mr. Reeve (p. 82, this volume); the airxios- 
phere is very low in oxygen pressure, and theoretically any oxide can be rodiuuxl. 
That brings in another complicating factor which is not mentioned in our paper, 
the fact that the rate of reduction is not merely a question of the chemical sabstancc^s 
involved but also of the relative sizes of the oxide particles. Probably in our case, 
and in the case of the method mentioned by Dr. Hoyt, some of the mangancisc* oxide 
present exists in very finely divided particles, which probably are reduced with the 
iron-oxide oxygen. 


* Assistant General Superintendent, American Rfdling Mill < Jo. 
t Research Metallurgist, A. 0. Smith Corporation. 
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C. H. IIerty, Jr.,* Pittsburgh, Pa. — I should like to comment on Dr. Hoyt's 
ftucstiou. In 1919, Obcrhoffcr and Von Kiel tried to differentiate. They were 
unsiKUicssful because they got simultaneous reduction. In addition to the complica- 
tion Mr. Larson pointed out, there is the complication that there may be FeO particles, 
MnO particles, and a solid solution of MnO and FcO which would change the pres- 
sure needed. 


* Director of Research, Mining and Metallurgical Advisory Boards to the Canaegie 
Institute of Technology. 


Improvements in the Vacuum Fusion Method lor 
Determination of Gases in Metals 

By Lewis Reeve,* Milwaukee, Wisconhin 
(D etroit Mooting, October, 1033) 

As part of a program of investigation of the properties of electric arc 
welds carried out in the laboratories of the A. 0. Smith C/orporation, 
considerable work has been done on the determination of the oxygen, 
nitrogen and hydrogen content of different types of weld metal, employing 
for this purpose the so-called “vacuum fusion method. '' It is the purpose 
of this paper to describe certain improvements that have been introduced 
in this method of determining the gas content of metals, with particular 
references to the steel specimens examined in this investigation. 

The method and apparatus used at the beginning of the investigation 
were essentially those of the Bureau of Standards as described by Vachor 
and Jordan.^ Later a number of changes were introduced which resulted 
in more rapid evacuation of the graphite crucibles employed and which 
enabled larger volumes of gas to be dealt with than could be handled 
conveniently in the Bureau of Standards equipment. In addition, the 
analyzing of the gases evolved from a melt in the same apparatus as 
collected was abandoned in favor of analysis outside the equipment 
using standard methods of gas analysis. The time required for gas 
analysis in the apparatus itself, as described by the Bureau of Htandards, 
was found to be considerable, and during this time the rest of the equip- 
ment was tied up, preventing its use for the analysis of further stool sam- 
ples. As a result of the modifications introduced, the time required for 
the analysis of a steel sample for gas content was reduced from about 
8 hours to less than 3 hours. 

Subsequently, the whole procedure of melting the sample and collect- 
ing the gases evolved was modified so as to enable a distinction to be 
drawn between the easily reducible oxides such as iron oxide and the 
more stable oxides such as silica and alumina. At the same time evidence 
was obtained indicating the probable existence in the steels of other 
nitrides than those of iron alone and making possible their quantitative 
etermination. 


* Metallurgical Department, A. O. Smith Corporation. 

1 Vacher and Jordan: U. S. Bur. Stds. Jnl. of Research (August, 1931) 376-401. 
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Apparatus 

The apparatus is shown in Fig. 1. The set-up consists essentially of : 

1. An induction furnace and water-cooled coil A and a suitable 
vacuum furnace tube B. The latter was made of glazed vitreosil and 
was about 10 in. long and 1.4 in. internal diameter. A brass water- 
cooled head C was sealed to the tube with sealing wax. The head was 
provided with a window D sealed at the outer edges by a ground joint 
and vacuum grease. A smaller quartz window was sometimes mounted 
below D in a suitable holder and acted as a guard against flying particles, 
a precaution necessary with samples evolving large quantities of gas which 
caused the melting to be very wild. A silica guide tube projected down- 
ward into the furnace tube and served to guide the steel specimen E 
into the graphite crucible (?. Between the graphite crucible and the 
outer vitreosil tube there was inserted a sillimanite protection screen. 
The design of the crucible and its method of support in the furnace tube 
will be described later. 

2. Pumping equipment consisting of the mercury diffusion vacuum 
pump JK connected via stopcock 9 to another mercury pump and to a 
mechanical oil pump (not shown in the drawing). 

3. A McLeod gage H with multiple compression chambers for measur- 
ing pressures between 0.0005 and 20 mm. mercury, together with an 
ordinary U-tube manometer 0 for pressures up to about 130 mm. mercury. 

4. Gas-collection reservoirs L and M as shown, which are used in the 
manner described later. 

5. A Topler gas-collecting pump T connected to stopcock 6. 

6. The necessary glass tube connections and stopcocks shown. The 
latter were specially selected and lubricated with high-quality vacuum 
grease. 

Design and Method of Supporting Graphite Crucible in Furnace Tube 

After considerable experimenting, the most suitable method of sup- 
porting the crucible in the furnace was found to be as shown in Fig. 1, 
and in more detail in Fig. 2. The crucible is supported by the flange R 
from the top of the sillimanite tube, and except for this support there is 
no contact whatever between the graphite crucible and the remainder of 
the refractory material in the furnace; in particular, there is no contact 
at the highly heated lower portion of the crucible. As originally used 
in accordance with the Bureau of Standards equipment, the crucible 
rested at its base on a refractory plug, for which magnesia, alundum^ 
and zirconia were tried out. Under these conditions, the hot graphite 
crucible, particularly during the initial evacuation at temperatures 
exceeding 1700° C., reacted with the plug and evolved considerable 
quantities of carbon monoxide; and it was only after the plug had been 
partially carburized that this reaction was slowed down to a suflicient 
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extent to permit proceeding with the vacuum melt. The time required 
for the initial evacuation of the crucible was thus unduly prolonged, 
requiring from 3 to 8 hr., depending upon whether an old or new refrac- 
tory plug was employed. After the 
substitution of the suspended type of 
crucible the time required to evacuate 
the crucible to a base pressure of 
0.06 mm. and less at 1720® C. was re- 
duced to about 60 min. The writer is 
indebted to Dr. J. J. Thompson of the 
Metallurgical Analytical Laboratory of 
the A. 0. Smith Corporation for this 
excellent suggestion. 

The term ^‘base pressure, ’’ as just 
used, is employed in the sense as defined 
by the Bureau of Standards;^ that is, 
the pressure in the furnace tube with 
the pumps in operation. The blank 
gas evolved by the crucible after such ip' 
an evacuation would usually be less 
than 1 c.c. per Yz hr. at 1570® C., cor- 
responding to less than 0.002 per cent of 
oxygen on a 25-gram sample. A correc- 
tion for this blank gas is applied to the 
final results in the manner described 
later. 



•S/tlmani-he 
Profecfron Tube 


'Graphtfe 
Crucible G 


Refrachry 


Method of Collecting Gases 

The gases collected from a vacuum 
fusion would be stored in gas reservoirs 
L and M, of which M is the main 
reservoir, L being really a modified 
form of a Topler pump. This arrange- 
ment differs from that employed by 
the Bureau of Standards, where the gas Fig. 2.— Method op suspending cru- 
reservoirs consist simply of two glass furnace tube. 

bulbs of about 600 to 700 c.c. capacity connected to the remain- 
der of the equipment by suitably arranged tubing and stopcocks.® 
The reason for the modifications introduced lies in the effect of 
excessive back-pressure upon the working of mercury diffusion vacuum 
pumps. In the Bureau of Standards equipment, if the pressure of the 
gases collected in the reservoirs were to exceed 10 to 15 mm., gas would 

* Reference of footnote 1» 385. 

® Reference of footnote 1, 378. 
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leak back to the furnace past the mercury diffusion pump, such a pump 
being incapable of working efficiently when the back-pressure exceeds 
this amount. In the determination of the oxygen and nitrogen content 
of welds, where the gas volumes dealt with were often considerably larger 
than in the steel samples discussed in the Bureau of Standards report, 
and where the gas pressures would often exceed 50 mm., it was necessary 
to seal off this gas from the pumps more efficiently than in the Bureau 
of Standards apparatus. This was carried out with the aid of the subsid- 
iary gas reservoir L already referred to. At the beginning of a determi- 
nation gas would be delivered by the pump K to reservoir M via stopcock 
7, while reservoir L, previously evacuated, would be kept closed off 
at stopcock 8. When the gas pressure in M reached about 5 mm., stop- 
cock 7 would be closed and stopcock 8 opened. Periodically after this, 
the gas collected in L would be pushed over into M by allowing air pres- 
sure to enter through stopcock 11 and thus forcing mercury upwards 
into L from the reservoir below it. As soon as mercury passed over the 
top of L into the capillary tube connecting it with M, the mercury in L 
would be lowered again to the position shown in Fig. 1 by turning stop- 
cock 11 to connect with vacuum. A thread of mercury would be loft 
behind in the capillary tube, effectively sealing off the gas in M from 
reservoir L. Gas would once again be delivered by the pump through 
stopcock 8 into L, and the process of pushing it over into M would be 
repeated. In this way large quantities of gas — up to about 130 mm. 
pressure — could be collected in M without allowing the back-pressure on 
the pump to rise to an unsafe amount. 

After the gas evolved by the steel specimen was safely stored in M, 
it was pumped via stopcock 6 into test tubes over mercury by means of 
Topler pump T and then subjected to standard methods of gas analysis, 
using a mercury Orsat gas-analysis apparatus with compensated and 
calibrated burette.* This method of analysis was faster than analysis in 
the equipment itself. Handling small samples was facilitated by diluting 
with known volumes of pure nitrogen in the gas-analysis burette. 

Method of Supporting Steel Specimen in Water-cooled Head 

The steel sample, in the preliminary stages of a determination, when 
the graphite crucible was being evacuated, was supported against the 
cool wall of the brass head C by means of electromagnet F. By de-enor- 
gizing this magnet the specimen could be dropped into the hot crucible 
below. Subsequently another method of support was devised for non- 
magnetic samples, in which the specimen was maintained in place on a 
tiny shelf that could be swung out of place by means of a steel rod actuated 
by a magnet. 

* See sampling and exammation of mine gases. U. S. Bur. Minos Bull. 197, 
43-54. 
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Method of Carrying Out a Vacuum Fusion Analysis 

Apart from the differences in the equipment described above and in 
the method of analyzing the gases evolved, the method of carrying out a 
steel analysis is in all important respects identical with that described by 
the Bureau of Standards. 

The specimen E, usually in the form of a small cylinder about 11 mm. 
dia. and 35 mm. long, weighing about 26 grams, was placed inside the 
water-cooled head C of the furnace tube in the position shown in Fig. 1 
and kept in that position by means of the electromagnet. The specimen 
had been machined clean, using cutting tools only, without any abrasives, 
and had been stored in a clean, dry test tube in a dessicator. After 
weighing, it was gripped in a specially shaped pair of clean tongs, washed 
with ether to remove oil and grease, and placed inside the furnace head as 
described, without being touched by hand. The window D was then 
placed in position and sealed gastight with vacuum grease. The whole 
equipment was then evacuated (furnace kept cold) for about 15 min.; 
the pumps were then closed oS and the apparatus tested for major leaks. 
The induction furnace was started and pumping was continued via stop- 
cock 9 with the graphite crucible maintained at a temperature of 1720° C. 
Evacuation proceeded until the pressure in the furnace tube fell to at 
least 0.1 mm. Owing to the improvements in mounting the crucible as 
described, and the introduction of larger mercury-vapor pumps, this 
base pressure at 1720° C. was subsequently reduced to 0.05 mm. in an 
evacuation time of about one hour. At the end of this evacuation period, 
the temperature was reduced to 1570° C., which is the actual operating 
temperature at which the steel sample is ultimately melted. The pres- 
sure in the furnace would fall as a result to about 0.005 mm. Stopcock 9 
would then be closed and the gas evolved by the crucible during a period 
of 30 min, at this temperature collected and stored in a test tube over 
mercury as described. This gas is referred to as the blank for the crucible 
and has averaged in our determinations about 1 c.c. in volume, about the 
same amount as obtained by the Bureau of Standards.® After removing 
this blank gas, the electromagnet would be de-energized and the steel 
specimen would drop into the graphite crucible. The temperature would 
fall momentarily, but within a few minutes it would be back again at 
1570° .C., and the steel sample would be completely melted. Gas would 
be evolved more or less rapidly, depending upon the gas content of the 
sample; in nearly all cases, however, more than 75 per cent of the gas 
would be evolved within 15 min. of dropping the sample and 90 per cent 
within 30 min. Evacuation and collection of the gas was usually con- 
tinued for 60 min. from the time of dropping the sample. The gases were 


* Reference of footnote 1, 386. 
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first stored in gas reservoir M and then transferred to test, tubes over 
mercury in the manner described. They were subsequently analyzed 
for carbon dioxide, oxygen, hydrogen, carbon monoxide and nitrogen, 
from which the percentage by weight of the oxygen, nitrogen, and hydro- 
gen in the steel sample was calculated, allowance being made for the blank 
gas evolved by the crucible. 

Procedure When Starting a Fresh Determination 

Three furnace tubes were available and a fresh one was always ready 
to replace the old one at the end of a run. Between runs the used furnace 
tube would be completely dismantled and the outer quartz tube, the guide 
tube, and the sillimanite tube cleaned in acid, washed and dried, and 
finally reassembled in readiness for another determination. A fresh 
graphite crucible was used for each determination and a fresh sillimanite 
tube about every six determinations. The outer quartz tubes last from 
20 to 30 runs, after which they are apt to crack and are therefore replaced. 

Modified Vacuum Fusion Method fob FitACTioNAu Analysis ob’ 
Inclusion and Gas Content of Metals 

At an early stage of the work on the gas and inclusion content of weld 
metal it became apparent that the iron and possibly manganese oxides 
were considerably more harmful to the physical qualities of the metal 
than were alumina and silica. It became desirable therefore to evolve 
methods for the separate determination of these oxides. Kk^ctrolytic 
extraction methods suitable for silica and alumina were available whi(!h, 
in conjunction with the total oxygen by the vacuum fusion process, 
should give, by difference, the oxygen as FeO and MnO. Some work on 
these lines was carried out, but certain observations suggested to the 
writer the possibility of a simpler process, which would analyze all these 
oxides in a single operation. It was observed that steels known to contain 
large amounts of iron oxide were reduced much more rapidly in the graph- 
ite crucible of the vacuum fusion apparatus described than were steels 
deficient in this oxide. The effect of temperature upon the reduction 
of oxides by carbon was considered. It was known that FeO was reduce<l 
by carbon at temperatures well below 1000° C., and that oxides such as 
silica and alumina were more diflicult to reduce and required considerably 
higher temperatures. 

It was also known in a general way that in order to completely reduce 
all the oxides present in a steel sample by the vacuum fusion method it 
was necessary to employ working temperatures approaching 1600° C., 
and that the incomplete results obtained at lower temperatures were 
probably due to incomplete reduction of the more refractory oxides.* 


‘ Hossenbruch and Oberhoffer; Archivf. Eisenhvllenvmm (1928) 9 , 696. 
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It seemed likely, in view of these considerations, to distinguish between 
the different oxides present as inclusions in a steel sample by a process of 
fractional reduction at increasing temperatures. In order to determine 
the feasibility of such a procedure, tests were carried out upon the follow- 
ing steel samples : 

1. A highly oxidized melt of ingot iron. 

2. Oxidized ingot iron deoxidized with aluminum. 

3. Oxidized ingot iron deoxidized with ferrosilicon. 

4. Oxidized ingot iron deoxidized with ferromanganese. 

In each case a quantity of pure tin, from 50 to 100 per cent of the weight 
of the steel specimen, was added to act as a flux. The results reported in 
Table 1 were obtained at the temperatures shown, using the vacuum 
fusion equipment described. 


Table 1. — Test Results of Fractional Vacuum Analysis of Steel Samples 
Containing Known Oxide Inclusions 


Speoimon 

No. 

Description® 

Temp, of Reduc- 
tion, Deg. C. 

Oases Evolved, Peroentages 
by Weight 

Oa 

Na 

Ha 

1 

Oxidized ingot iron melt . . 

1060 

0.166 


0.00056 



1300 

0.002 





1570 

0.010 

0.004 

0.00054 

2 

Oxidized ingot iron deoxi- 

1050 

0.006 

0.003 

0.0004 


dized with aluminum. 

1300 






1670 

0.039 

0.002 


3 

Oxidized iron deoxidized 

1050 





with ferrosilicon. 

1200 






1300 

0.058 

0.002 

0.0006 



1570 




4 

Oxidized iron deoxidized 

1050 to 1160 

0.073 

0.007 

0.0028 


with ferromanganese. 

1300 

0.008 


0.0001 



1570 

0.030 

0.004 

0.0006 


Chemical Analysis of Specimens 


Peroentages 


Specimen No. 

C 

Si 

Mn 1 

1 A1 

1 

0.026 

0.01 

Trace 

Trace 

2 

0,025 

0.02 

Trace 

0.186 

3 

0.034 

0.71 

Trace 


4 

0.026 

0.01 

0.35 

Trace 


« The specimens of oxidized ingot iron mentioned do not refer to specimens from 
the same molt. 
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Examination of the results in Table 1 indicates that iron oxide, jis in 
specimen 1, was reduced by carbon at 1050° C.; manganese oxide, as in 
specimen 4, was reduced at 1050° to 1150° C.; silicon oxide, as in the 
silicon-kUled ingot 3, gave no gases at these low temperatures and was 
not decomposed with any rapidity until 1300° (1; and, 
finally, in the aluminum-killed ingot 2, in which, pre- 
sumably, most of the oxygen was present as alumina, 
very little gas was evolved until temperatures of over 
1500° C. were attained. Most specimens appeared i,o 
contain a little alumina, particularly ingot 4. 

Experiments on Reduction of Powdered Oxides ami Silicates 

Further substantiation of the accuracy of these 
decomposition temperatures was obtained in a scries of 
Fig. 3 . — Tin experiments in which small quantities of powdered 
cAPstTLB. oxides of known compositions were placed in small tin 
capsules closed by a steel plug in the manner indicated in Fig. 3, and sub- 
mitted to analysis in the vacuum fusion equipment. The results of 
some of these experiments are shown in Table 2. 



Table 2. — Reduction of Powdered Oxides by Carbon 


Oxide 

Tomporaturo of Koduction, 
Deg. C. 

Percentage Yield oi Oxygen 
C)olle(‘te<l 08 <K) 

Iron oxide 

1000-1050 

07.3 

Manganous oxide 

1160 

86.0 

Silica 

1300 

100.0 

Alumina 

1660-1600 

76.0 


Very slow reduction was observed at temperatures about 60° C’. below 
those quoted in Table 2. The oxygen yields calculated from the (10 
evolved were not always 100 per cent and, moreover, were liable to be 
erratic in repeat experiments, but the temperatures of reduction wore 
always substantially as shown. When low results were obtained, no 
improvement followed by raising the temperature, gas evolution for a 
particular oxide being complete at the temperatures indicated in Table 2. 

This quantitative inaccuracy has been observed by other investiga- 
tors,^ and must be ascribed to physical loss of the powdered oxide by 
sputtering and similar effects, together with the loss of CO by reaction 
with metallic vapors, particularly aluminum. It should be remembered 
in this connection that the relative concentration of oxide to steel in 
these tests was considerably greater than the inclusion content of oven 
the dirtiest steel. It is interesting to record that very much lower results 
were obtained when the oxides were enclosed in a tin capsule alone, with- 


^ Diorgarten: ArcMvf. EisenhuUenweaen (1930) 9, 678-679. 
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out the steel plug shown in Fig. 3. (The capsule was closed in this case 
by nipping the open mouth with a pair of pliers.) The presence of iron 
facilitates the reduction, probably by helping the solution of carbon from 
the walls of the graphite crucible. The most important result of these 
experiments was to confirm the reduction temperatures already deter- 
mined in connection with the experiments reported in Table 1. 

Some results obtained with a manganese silicate of approximate 
composition Mn0.Si02 should be mentioned. The procedure employed 
in the reduction of this material was somewhat different from that already 
described. In order to obviate the necessity for correcting for the oxygen 
content of the steel plug, this was dispensed with and the silicate was 
placed in a pure tin capsule. The necessary iron was put inside the 
graphite crucible in the form of 10 grams of electrolytic iron, which was 
thoroughly degasified during the initial evacuation of the crucible at 
1720° C. 

The temperature was then reduced to 1150° C. and the tin capsule 
containing the manganese silicate was dropped into the crucible. 

In the first experiment carried out in this manner the silicate packed^' 
together as a clot of compacted powder on one side of the crucible and 
remained there very much colder than the tin-iron alloy below it. The 
rate of reduction was exceedingly low and it did not seem advisable to 
raise it by increasing the furnace temperature. 

The experimental procedure was therefore modified again as follows: 

1. One gram of graphite powder was added to the iron at the bottom 
of the graphite crucible and was subjected to the preliminary evacuation 
at 1720° C. Some of this powdered graphite remained floating on top 
of the melt, mainly near the walls of the crucible. 

2. About 0.5 grams of tin filings was mixed with the manganese 
silicate in the tin capsule. • The tin filings prevented the compacting of 
the manganese silicate and helped to scatter it more uniformly over the 
surface of the melt. The silicate also became intermingled with the 
graphite powder and was reduced more quickly. 

Results obtained in this manner are summarized in Table 3. 


Table 3. — Reduction of Manganese Silicate in Graphite Crucible 
Weight of manganese silicate, 0 . 0260 grams 
Weight of electrolytic iron, 10.483 grams 


Tempera- 
ture of 
Reduction, 
Deg. C. 

Weight of Oa 
Collected as 
CO, Grams 

Oa in Silicate (from Chemical Analysis) 

Form 

1 

Weight, Grams 

I 

Percentage 

Yield 

1160 

0.00268 

MnO 

0.00307 

84 


0.00640 

SiO, 

0.00598 

90.5 

1670 

0.00040 

CaO, MgO, AljOj, etc. 

More than 0 . 00025 | 
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In another run where the temperature for the first fraction was allowed to 
rise to 1200° to 1230° C., the MnO yield was too high and the Hi02 yield 
too low by almost the same amount, indicating some reduction of Si ()2 
at these temperatures. It is important that the temperature of the first 
fraction should not exceed 1 170° C., and preferably not more than i 150° 0. 

The results reported in Table 3 verify the temperatures of reduction 
employed for the different oxides even when present in the form of sili- 
cates. The actual values obtained for the oxygen yields are satisfactory 
quantitatively. The experiments indicate, however, the difficulties 
encountered in attempting to duplicate the reduction of inclusions in a 
steel sample by means of experiments with powdered oxides. 

Enough work has been done, however, to substantiate the conclusion 
that it should be possible to determine the distribution of oxygen among 
the different oxides in a steel sample by collecting separately the gas 
fractions evolved at certain temperatures. The most suitable values fin 
the average run of steel specimens examined to date, including the wold 
samples investigated, were found to be: 1050° to 1150° 0. for FeO and 
MnO; 1300° for Si02; and 1570° for AI2O5. 

Details op Procedure for Fractional Determinations 

Some of the more important details of procedure employed in such 
fractional determinations are as follows: 

The steel sample, usually in the form of a cylinder 11 mm. in diameter, 
is tied to a piece of pure clean stick tin by means of a short piece of fine 
iron wire, resulting in a cylinder of approximately uniform diameter, 
about 3'5 mm. long. The approximate weights of average samples would 
be about 14 grams of steel and 8 grams of tin. The compound specimen 
is suspended in the water-cooled head C of the furnace tube B in the 
manner already described in connection with Fig. 1, and the graphite 
crucible is evacuated for about one hour at 1720° C. until the base pressure 
falls to 0.05 mm. or less. The temperature is then reduced to 1060° to 
1075° C., and the specimen is dropped. The tin melts almost immedi- 
ately, and within about 15 min. the steel alloys with the tin to produce 
a melt which in one case analyzed: tin, 31.8 per cent; carbon, 1.08 per cent. 
A rapid gas evolution at this low temperature is indicative of the presence 
of iron oxide. Manganous oxide, if present, gives off its oxygen much 
more slowly, and to hasten matters, it is advisable in such a case to raise 
the temperature to about 1150° C. This difference in rate of decomposi- 
tion is very marked and is sufficient to distinguish between the two oxides. 
Curves 1 and 2 of Fig. 4 show the rate of reduction of iron oxide in the weld 
samples indicated, while curves 3 and 4 show the rate of evolution of gas 
from the reduction of manganese oxide in two steels deoxidized with 
manganese only. Although the amount of oxygen present is different in 
all the samples, the rate of reduction can be compared quantitatively by 
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noting the time required for a definite percentage of the reduction to 
take place, say 50 per cent. These times are indicated on the curves in 
Fig. 4 by the short vertical dotted lines. It will be noted that these 
times are approximately constant for the two samples containing iron 
oxide (15 and 123^ min. respectively) and also, but much longer, for the 
two samples containing manganese oxide (44 and 60 min. respectively) 
indicating a much slower rate of reduction of manganese oxide at 1150° C. 
than of iron oxide at 1050° C. (The two oxides could probably be dis- 
tinguished even more clearly by analyzing for FeO at still lower tempera- 
tures than 1050° C., say 950° C.) The gas evolved at these temperatures 
is collected in the usual manner until the base pressure falls to about 



Curve 1 


Curve 2 


Curve 3 
Curve 4 


Fig. 4. — Rate of ebduction of iron and manganeses oxides in steels. 


0.003 mm. The time required for this to occur may be as low as 30 min. 
in the case of a sample low in iron oxide to as much as 2 hr. in the case of a 
sample high in manganous oxide. The average time is about 60 minutes. 

The temperature is then raised to 1300° C., and if any Si02 is present, 
a fresh gas evolution commences and is allowed to continue until the base 
pressure falls to about 0.004 mm. This again takes, on the average, about 
60 min. This gas is collected separately. Finally, the furnace tempera- 
ture is raised to 1570° C., and any gas evolved from AI2O3 and similar 
oxides is collected until the base pressure falls to about 0.006 mm. This 
gas constitutes the final gas fraction and takes again about 60 min. to 
collect from the crucible. Total time for a fractional analysis, including 
the preliminary evacuation of the crucible, averages about 5 hours. 

These gas fractions are analyzed separately, and from the results the 
weight percentages of FeO, MnO, Si02 and AI2O3 present in the original 
steel sample are calculated. Blank corrections for the gas evolved by the 
crucible at the different temperatures are applied on the basis of the 
average results obtained in a number of runs with an empty crucible in 
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which the gases evolved in one hour at the different temperatures were 
separately collected and analyzed. The blanks at 1100® and 1300® C. 
correspond to less than 0.5 c.c. gas per hour; the blanks at 1570® C. are 
larger but quite regular at about 1.3 c.c. per hour. No corrections arc 
applied for the gas evolved by the tin itself, separate determinations 
having shown that this quantity was even lower than the gas blanks from 
the crucible. 

The time-pressure curves for some typical weld specimens analyzed 
by the fractional vacuum fusion method are shown in Fig. 5. Approxi- 



FiG. 6. — ^EvOIiVTIOK OF OASES FROM VACUUM FUSION OF AUt WELD METAL AT DIFFER- 
ENT TEMPERATURES. 

mately 12 grams of weld metal were used in each determination. It will 
be observed that at each operating temperature gas evolution proceeds 
at a more or less rapid rate initially, sloping off until finally the pressure 
remains constant, indicating the end of reduction at that particular 
temperature. On raising the temperature to the next operating value, 
a further burst of gas evolution takes place to reach again a constant 
pressure value. 

In connection with these curves, note the marked difference in the 
gas pressure for the first fraction of the weld made with the A, 0. Smith 
covered rod as compared with the first fractions for the bare wire and 
slag-covered rod welds. This corresponds to the very low iron and man- 
ganese oxide content of the A. 0. Smith weld as compared with the 
extremely high iron oxide content of the welds produced with bare wire or 
slag type electrodes. Note also the much lower total gas content of the 
A. O. Smith weld. The calculated results corresponding to these curves 
are shown in Table 4. 
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Table 4. — Typical Results for the Oi, Ni and Hs Content of all Weld Metal, 
Using the Fractional Vacuum Fusion Method of Analysis 


Specimen 

No. 

DcHcription 

Chemical Anal- 
ysis, Per Cent 

Fractional Gas Analysis 

C 

Mn 

Si 

Temp., 
Bog. C. 

Os as 

Per 

Cent 

Ns. 

Per 

Cent 

Hs, 

Per 

Cent 

0220-4 

Bure wire wold 

0.021 

0.09 

0.014 

1060 

FeO 

0.282 

0.169 

0.00026 






1300 

SiOs 

0.0003 

0.0077 







1670 

AlsOs 

0.022 

0.0141 


0221-^2 

Weld made with slapc-typo elec- 




1060 

FeO 

0.208 

0.009 



trode 

0.038 

0.09 

0.042 

1300 

SiOs 

0.032 

0.010 







1670 

AlsOs 

0.017 

0.017 


0223-0A 

Wold made with A. 0. Smith 




1160 

MnO 

0.006 

0.001 

0.00026 


covered electrode 

0.08 

0.67 

0.26 

1300 

SiOs 

0.058 

0.002 

0.00016 



1 



1670 

AlsOs 

0.009 

0.004 

0.00014 


CoMPAiiisoN OF Results Obtained by Fractional Vacuum Method 
WITH Other Methods of Determining Inclusions in Steel 

The results obtained by the fractional vacuum fusion method have 
been compared with results obtained by other methods in a number 
of ways: 

1. It has been found in all the cases tested to date that the total gas 
content of a sample, as determined by adding together the gas quantities 
in the separate fractions, agrees very well with the total gas content of the 
same steel as determined by the ordinary vacuum fusion at 1600® C. 
Two typical examples are shown in Table 6. The only important differ- 
ence is with regard to hydrogen, which is discussed more fully later. It 
follows that no additional experimental errors are involved in the frac- 
tional method with regard to the total gas evolved than are inherent in 
the ordinary vacuum fusion method. 

2. Results obtained by the fractional vacuum fusion method for the 
oxygen distribution in a steel specimen have been checked qualitatively 
in a very large number of cases by metallographic examination of corre- 
sponding specimens. In so far as the type of oxide inclusions could be 
identified by microexamination, the results were in complete agreement 
with those yielded by the fractional vacuum fusion. Thus, where the 
microexamination in^cated a predominance of the highly siliceous type 
of inclusion, the fractional analysis showed a predominance of oxygen in 
the second, or SiOj, fraction. The detailed results of the metallographic 
examination of many of these specimens is to be reported in a separate 
paper by Dr. S. L. Hoyt, of the A. O. Smith Metallurgical Laboratory. 

3. In a few cases comparisons have also been made between the results 
of fractional vacuum analysis and those obtained by electrolyliic extrac- 
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tion using the method described by Fitterer^ applied to portions of th(\ 
same steel specimens. Some of the comparative results obtained in this 
manner are shown in Table 5. 


Table 5. — Comparison of Results Obtained by Fractional Vacuum Fusion 
Method and by the Electrolytic Extraction Method 


Specimen No. 

IVaotional Vacuum Fusion 

Electrolytic Extraction 

1060® C. i 
-1150® C. 1 

1300® C. 

1670® C. 

O 2 as MnO 

O 9 as kSiOa 

Oa as AlaOa 

8911-3 

0.0 

0.043 

0.029 

0.0 



8911-4 

0.008 


0.011 

0.004 




There is fair agreement between the 1300° C. fraction (O 2 as SiOj) 
and the oxygen as Si02 given by electrolytic extraction. The 1670° Cl. 
fraction (O2 as AI2O3) appears to be definitely low as compared with the 
oxygen as AI2O3 by electrolyiiic extraction, but the vacuum fusion method 
is known to give low results for this oxide unless it is present in extremely 
small amounts. The electrolytic extraction method is unable to dcter- 
mine-oxygen as FeO and its results for MnO are doubtful, hence no com- 
parison is possible as regards the first fraction, although the results appear 
to be of the right magnitude. 

In making these comparisons it should not be forgotten that diver- 
gences of almost the same magnitude have been found for adjacent 
specimens of similar steels using either of the analytical methods undejr 
consideration. This must undoubtedly account for some of the dis- 
crepancies, at least as far as Si 02 is concerned, since 100 per cent yields 
have been obtained for this oxide by the vacuum fusion method both by 
the writer and by other investigators.® 

In general, it appears that, within the limits of accuracy of the vacuum 
fusion method, the fractional method described is likely to give a reason- 
ably accurate idea of the distribution of the oxygen among the different 
oxides present in a steel sample, and to do this moreover in what is essen- 
tially one analytical determination. In this respect it is suggested that 
the method is likely to give a better picture of this distribution than the 
methods used hitherto, which have determined FeO plus MnO as the 
difference between total oxygen by the vacuum fusion method and oxygen 
as Si02 and AUOs by the electrolytic or acid extraction method. The 
fractional method gives FeO and MnO directly, and also, in the same 
determination, Si02 and AI2O3. 


* Pitterer: Trans. A.I.M.E. (1931) 95, Iron and Steel Div., 196. 

* See page 90 of this paper; also reference of footnote 1, 393. 
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Possible Inaocuraoies of the Fractional Vacuum Fusion Method 

The normal experimental error of the vacuum fusion method for 
uniform steel samples may be taken as being about 0.002 per cent for 
O 2 and Ns and about 0.0002 per cent for Hs, corresponding to approxi- 
mately 0.25 cu. cm. of each of these gases on a 10-gram steel sample. In 
addition, errors due to the disturbing effect of excess manganese or alumi- 
num may enter as described by Jordan and Vacher. In connection with 
most steel samples errors due to manganese are eliminated by using a 
fresh graphite crucible for each determination and by maintaining as 
high a vacuum as possible during the collection of the gases from the 
melt. Errors due to aluminum are likely to enter if the alumina oxygen 
exceeds 0.01 per cent or metallic aluminum exceeds 0.3 per cent. A minor 
source of error arises if NasO is present. This volatilizes and is not 
estimated. The amount is usually very small. 

One other possible source of error must be considered with particular 
reference to the fractionation method. This lies in the possible displace- 
ment of equilibria at each of the operating temperatures. Thus, consider 
the deoxidation equilibrium between silicon and iron oxide : 

2FeO -|- Si = 2Fe -i- SiOs 

If the steel sample that is being analyzed is to be regarded as having 
attained equilibrium with respect to this reaction at the temperature at 
which it was originally deoxidized, say 1600° C., then, in theory, it will 
not be in equilibrium at the temperature of the first fraction (1100° C.) 
in the analytical method under discussion. Since this deoxidation of FeO 
is an exothermic reaction, the equilibrium will tend to be displaced 
towards the right at the lower temperature; that is, the sample will tend 
to analyze too low in FeO and too high in SiOs. Similarly with regard to 
the reaction 

2MnO -f Si = 2Mn -4- SiOs 
and the corresponding deoxidations by aluminum. 

In the special case of weld metal deposited at exceedingly high tem- 
peratures, the metal may not have been in equilibrium with regard to 
these deoxidation reactions even when originally deposited, in which 
case the tendency to analyze too low in FeO and MnO may be even 
more marked. 

On the other hand, during the analysis of the first fraction, as the 
FeO and MnO are being reduced by the carbon, there should be in theory 
a tendency for the reverse reaction 

SiOs + 2Fe = 2FeO + Si 

to take place, thus counterbalancing to a certain extent the effect of the 
previously considered reactions. The net result, obviously, will def>end 

Referenoe of footnote 1, 389-395. 
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upon the relative velocities of these reactions at the comparatively low 
temperature of the first fraction. 

Similar considerations will apply if aluminum is present in the steel, 
and there may be some tendency for the displacement of ecjuilibria in 
that case both in the first and in the second fractions. 

Insufficient data are available to determine the importance of these 
possible equilibrium displacements. It is doubtful whether they are of 
sufficient importance to interfere vitally with the general interpretation 
of the results obtained. A comparison with the results of the electrolytic 
extraction method would probably be the easiest way of deciding the 
question. As already pointed out, in the few cases in which this has 
been done, there has been reasonably good agreement with the fractional 
vacuum fusion method. It would be desirable, however, for a more 
extensive comparison to be made.^' 

Nitrogen and Hydrogen Determinations by Fractional Vacuum 

Fusion 

The results shown in Table 1 indicate that, contrary to what might 
have been expected, the nitrogen and hydrogen in the steel samples there 
under consideration were not all evolved in the first fraction; some of 
these gases were evolved in subsequent fractions. A similar conclusion 
may be drawn from the results in Table 4. There is, on the whole, a 
tendency for the major portion of the hydrogen to be evolved in the first 
fraction, particularly from samples rich in this gas. This tendency will 
be considered in more detail later. The distribution of the nitrogen 
is, if anything, towards the higher temperature fractions, although there 
are marked exceptions, as in the nitrogen in the bare wire weld metal, 
sample 6220-4, Table 4, which was evolved mainly in the first fraction. 

In considering these results, it should be remembered that the collec- 
tion of the gases from any fraction is not considered complete until the 
base pressure (the pressure in the furnace) falls to the amount correspond- 
ing to the pressure given by the crucible itself at the same temperature 


Since the completion of this paper, some extremely interesting dctcirminations 
have been made on the gas content of a gray iron analyzing 3.0 to 3.2 per cent C, 
1.7 per cent Si, 0.4 per cent Mn, which indicate that the extent of deoxidation of FeO 
and MnO by silicon at the temperatures of the first fraction is negligible. Despite 
the high silicon content of this iron, some of the specimens wore badly oxidized and 
analyzed as high as 0.047 per cent Oa as FeO + MnO (of which much was FeO) while 
the O 2 as SiOa averaged only 0.007 per cent. Microscopical examination indicated 
the presence of some such small quantity of SiOa. It is apparent from these results 
that at the temperature of the first fraction (up to 1160® C.) no appreciable deoxidation 
of FeO and MnO by silicon could have occurred during the period of the analysis 
(about one hour). The results indicate also the possibility of the existence of badly 
oxidized gray irons in which the normal course of deoxidation has been stopped at a 
point very far from equilibrium. 



LEWIS REEVE 


99 


(0.003 to 0.006 mm,). That is, the first fraction includes all the gas the 
molten steel-tin sample can evolve at 1050° to 1150° C. No more gas, 
apart from the small amount from the crucible itself, is being produced 
at the stage when the temperature is raised to 1300° C. Hence, in the 
same way as for the oxygen, it must be concluded that any nitrogen 
evolved at 1300° C., and probably, to a lesser extent, any hydrogen 
evolved at the same time (see later), must be, somehow, differently 
associated with the steel than the same gases at 1050° to 1150° C. ; similarly 
for the nitrogen and hydrogen, if any, evolved at 1570° C. 

In regard to nitrogen, the question is immediately raised whether we 
are not dealing here with the thermal decomposition of a series of nitrides 
of increasing stability, requiring, therefore, higher and higher tempera- 
tures for decomposition. It is known that iron and probably manganese 
nitrides are easily decomposed at temperatures below 1000° C., and it is 
reasonable to assume that the nitrogen collected in the first fraction, at 
temperatures up to 1150° C., includes the nitrogen from these nitrides. 
With regard to other possible nitrides, it is stated by Jean Rieber^^ 
aluminum nitride decomposes above 1400° C. According to Hincke 
and Brantley^® silicon nitride Si 3 N 4 has a decomposition pressure of 
5.5 mm. at 1529° C. But other nitrides of silicon are known for which 
corresponding data are lacking. 

While considerably more investigation is required to support a definite 
conclusion, it is suggested tentatively that the nitrogen evolved at 1300° C. 
is associated with the silicon, and at 1570° C. is probably combined with 
the aluminum in the steel samples under investigation. A study of the 
nitrogen distribution in special nitriding steels by means of this fractional 
vacuum fusion method should be of considerable interest. 

Hydrogen Content of Steels 

The hydrogen content of steels as determined by fractional vacuum 
analysis requires discussion. It has already been pointed out that if the 
oxygen and nitrogen content of a given steel specimen are determined, 
first by the ordinary vacuum fusion method and then by adding together 
the separate fractions in the fractional method, the results invariably 
agree within reasonable limits. But the same is not true for the hydrogen 
content as determined by the two methods; the fractional method usually 
gives considerably higher results. Some examples are shown in Table 6. 

J, Riobcr: Doctor^s Thesis, Technische Hochschule, Hanover, 1930. Metals cfe 
Alloys Abstracts (1932) 326. 

Hincke and Brantley: Jnl, Amer. Chem. Soc. (1930) 62, 48. 

Since the preparation of this paper, the work of Fry on the decomposition of 
nitrided metals in vacuo at temperatures up to 1000“ C. has appeared (May, 1932, 
meeting of Iron and Steel Inst,, London). Iron nitride shows a maximum of decom- 
position at 600“ C., manganese nitride at 700“ C,, while aluminum nitride does not 
decompose oven at 1000“ C. No results are reported for silicon nitride. 
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Tablb 6. — Comparison of Kesidts for Oxygen, Nitrogen, and Hydrogen 
Content of Steel Samples Determined by Ordinary Vacuum Fusion and 
by Fractional Vacuum Fusion 


1 

2 

3 

4 

5 


0 

7 

K 






PercentaftCH 



Hpooimon 

No. 

DoHcription 

Ordinary Vacuum 
Fusion 


Fractional Vacuum 
Fusion 



Oa 

N* 

Ha 


Os 1 

Na 

Hs 

8882 

Wold made with light- 




FcO 

0.208 

0.114 

0.00069 


ly coated (washed) 




Si02 

0.007 

0.033 

0,00069 


electrode. 




A1»0, 

0.012 

0.009 

0.00040 



0,218 







11614 

Weld made with heavy 




MnO 

0.002 

0.001 

0.00026 


covered electrode. 




SiOa 

0.046 

0.004 

0.00029 






AlaO. 

0.006 

0.009 

0.00010 



0,060 

0.014 

0.0 

Total. . 

0.062 

0.014 

0.00064 


The total O 2 and the total N 2 in columns 6 and 7 agree reasonably 
well with the corresponding figures for the same sample in columns 3 and 
4, but the total hydrogen obtained by the ordinary method (column 6) 
is zero in both samples; whereas, by the fractional method (column 8), it 
is quite appreciable. It should be pointed out that 0.0006 per cent 
hydrogen on a 15-gram sample corresponds to approximately 1 c.c. of this 
gas. It also corresponds approximately to the solubility of this gas in 
pure iron just below the melting point.*'’ 

Such marked disagreement in the hydrogen by the two methods has 
been obtained consistently, the hydrogen by the fractional method being 
always considerably greater. It was thought at first that the larger 
hydrogen obtained by the fractional method might be due to hydrogen 
in the tin that was added. But this does not agree with a number of 
observations. First, blank determinations of the gas content of the tin 
itself showed that it was remarkably clean, containing about 0.0002 per 
cent hydrogen and about 0.002 per cent oxygen, these weight percentages 
corresponding to less than 0.2 c.c. of each of these gases in the weight of 
tin normally employed in a determination. Some of the steel samples 
analyzed in the presence of this tin contained more than ten times this 
amount of hydrogen. Secondly, the amount of hydrogen found in the 
steel samples examined varied considerably, from almost zero to as high 

** Luckmeyer Hasse and H. Schenk: ArM) f. EisenhtUtenwesm (1032) 210. 
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as 0.0036 por cent, the weight of tin employed remaining approximately 
constanli. It can only be concluded that the ordinary vacuum fusion 
method does not yield all the hydrogen present in a steel sample, and that 
the presence of tin somehow favors the evolution of this gas, possibly by 
reducing the solubility of hydrogen in steel. In this connection, atten- 
tion has been drawn by numerous investigators to the diflGiculty of remov- 
ing all the hydrogen present in a steel even by the vacuum fusion process. 

There is no evidence for the existence of stable metal hydrides except 
in a very few elements (such as tantalum and vanadium). It must, 
therefore, be concluded that the hydrogen found in the steel samples 
under examination must have been present in them in physical solution 
rather than in chemical combination. This is supported by the fact that 
in most of the samples containing appreciable quantities of hydrogen, the 
major portion of this gas was evolved in the first fraction. The results in 
Table 6 are hardly typical in this respect. A number of more representa- 
tive results illustrating this point are shown in Table 7. 

The greater part of the hydrogen in these samples was evolved at 
1 100° C., and comparatively small amounts only at 1300° and 1570° C. 
That is, the greater part of the hydrogen was driven off on the first melting 
of the metal, suggesting a comparatively weak attraction between metal 
and gas. The small amounts evolved in the later fractions may possibly 
bo driven off by the sweeping action of the CO and Ns evolved simul- 
taneously. This method of gas evolution is entirely different from that 
of the carbon monoxide and nitrogen, which, depending upon the cir- 
cumstances, may be evolved as a maximum in any one of the fractions, 
agreeing with the hypothesis that they are present in the metal as definite 
oxides and nitrides. 


Table 7. — Evolution of Hydrogen from Steel Samples 


Hample 

No. 

Deaoription 

Percentage Hydrogen by Weight Evolved at 

1 1100« C. 

ISOO* c. 

1670® C. 

1 

9473T 

Welds made with heavy cov- 

0.00105 

0.00007 

! 0.0 

9472T 

ered electrodes. 

0.00182 

0.00027 

0.00024 

9612T 


0.00105 

0.00008 

0.0 

9474T 


0.00132 

0.00013 

0.00006 

11663T 


0.00106 

0.00031 

0.00027 


Conclusion 

A considerable amount of work has been carried out in the laboratories 
of the A. 0. Smith Corporation upon the metallurgical significance of the 
results of the gas analysis of steels of the type reported in this paper. It 
is hoped that these results will be published at some future date. The 
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author’s purpose in this paper has been solely to describe the new methods 
evolved for carrying out these determinations and the results (luoted must 
be taken only as illustrating those methods. It is hoi)ed that the pro- 
cedure described will be found as useful to other investigators in this field 
as they have been to the writer. 
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DISCUSSION 

(/ ohn J ohmton presidirig) 

J. Johnston,* Kearny, N. J. — This paper descrilies work, ohvionaly carried out 
with groat care, in which many are interested. At the last meeting of this Division, 
we passed a resolution endorsing a cooperative investigation, to be carried out under 
the auspices of tlic Bureau of Standards, of the several incthods now used in various 
laboratories for the determination of oxygen in steel. That investigation is now 
actually under way; the several types of material agreed upon as most ropresemtative^ 
are in the hands of the Bureau of Standards, whicli is making preliminary analyses 
of the uniformity of the bars and will soon be ready to send samples to anyone inter- 
ested in taking part in this comparison of methods. (Cooperation has already been 
promised by several laboratories abroad as well as by practically all of those in this 
country that have been analyzing steel for oxygen content. I am inclined to think 
that some of the questions raised by Dr. Keevo's paper can only be definitely answered 
when we have the results of proper comparative determinations, made by the various 
methods, on identical samples, such as is contemplated in the cooperative investiga- 
tion just outlined. 

W. H. Hatfield, t Sheffield, England (written discussion). — The work described in 
Dr. Reeve's paper strikes me as a vast improvement in the method of analysis of the 
gas content of metals. Apart from his improvement of the pumping ecpiipment, 
Dr, Reeve is to bo congratulated in his attempt at fractional extractions of the oxygen 
contents so as to yield some information regarding the rolativt^ distribution of the 
oxygen among the four elements iron, manganese, silicon and aluminum. While 
this fractional extraction cannot be claimed to give accurate results as regards this 
distribution, it does provide a fairly reliable guide and will bo very uscjful to the study 
of the heterogeneity of steel if the method is applied to samples taken from various 
portions of an ingot. 

Unfortunately, the experiments described have been on weld metal, which cannot 
be compared with results, of which I am familiar, of other methods of oxygen determina- 
tions made on samples taken from steel ingots. It would therefore bo of considerable 
interest if Dr. Reeve could analyze by his methods samples taken from some of the 
ingots examined by the Heterogeneity Committee of the Iron and Steel Institute. 


* Director of Research, U. S. Steel CJorporation. 
t The Brown-Pirth Research liaboratories. 
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As regards criticisms of the method, points needing further enlightenment are : 

1 . An exact estimate of the completeness with which the oxygen from each fraction 
is extracted. 

2. The error introduced by the upsetting of the equilibria: 

2FeO -J- Si — 2Fe "1“ Si02 
2MnO + Si = 2Mn + SiOg etc. 

3. A more complete explanation of the high Ha values obtained by the fractional 
extraction as compared with the ordinary fusion. 

As n^gards point 1, figures are quoted in Table 2. The author, however, remarks 
that *‘the rcisults were liable to be erratic on repeat experiments,*^ which somewhat 
detracts from the value of the method, unless these variations are more completely 
understood. As regards point 2, this is an open question, about which little is known, 
while point 3 is not too satisfactorily explained. 

H. C. Vachkr,* Washington, D. C. (written discussion). — A fractional vacuum 
fusion analysis is an excellent idea and tends to offset the serious disadvantage of the 
usual vacuum fusion method, which tolls nothing of the distribution of the gases 
in the steel sample. It should be possible to apply the fractional method to any steel 
where the sum of the fractions is equal to the total amount of gases shown by the 
usual vacuum fusion method. Manganese oxide and silicon oxide may exist in a 
variety of combinations in different steels and probably are the most difficult to 
separate by a fractional procedure common to all steels. For this reason, the practical 
application of the fractional method might be limited to two temperatures; a low 
t(imporaturc whore the greater part of the oxygen evolved would represent oxygen 
combined as ferrotis oxide, manganese oxide, and manganese silicates rich in manganese 
oxide, and a high temperature where the greater part of the oxygen evolved would 
represent oxygen combined as silica, alumina and manganese silicates rich in silica. 

The author*s principal improvement in the apparatus used by the Bureau of 
Standards for the vacuum fusion method is that the author*s apparatus can handle 
large amounts of gas. However, large amounts of gas arc limited to special ferrous 
matorialH s\ich as bare wire weld. The B\ircau’s apparatus is adapted better to 
materials containing in the range of 0.003 to 0.1 per cent oxygen and 0.003 to 0.02 per 
cent nitrogen. 

The statement that a vacuum fusion analysis requires 8 hr. is not in accord with 
experience at the Bureau. We have found that if the graphite crucible rests on a 
boryllia refractory block, the preliminary evacuation period can be shortened to 
compare favorably with that for the author's specially designed crucible. The time 
required for a gravimetric analysis also has been shortened by the use of an additional 
diffusion ptimp to circulate the gases through the analysis train during the evacuation 
of the sample. The tubes are ready for weighing very shortly after outgassing of the 
sample is comphited. It is probable that with these* minor improvements the total 
time required by the Bureau's apparatus is less than that required by the author's 
apparatus. In a sample analysis by the author's apparatus, there is considerable 
manipulation; such as evacuation with Toplor pump, transfer of gases to Orsat 
apparatus and tho numerous volume measurements required by an Orsat apparatus. 
These manipulations may introduce errors. In the gravimetric method the only 
serious source of error is in the handling of the weighed absorption tubes. 

N. A. ZiBOLBR,t East Pittsburgh, Pa. (written discussion). — Of particular value 
in Dr. Reeve's work is tho fractional method developed for the analysis of different 


* U. S. Bureau of Standards, 
t Westinghouso Research Laboratories. 




104 


IJVtPHOVEMKNTS IN THE VACUUM FUSION METHOD 


inclusions and gases in metals. It was known before that th(^ teniperatun^H iu‘(U‘HHary 
for complete reduction for different oxides are quite different, but it never was an 
nicely demonstrated as in the present work. 

The results on reduction of powdered oxides are in a good agrecumuit with Ota’s 
except that the percentages of oxygen yielded, as (‘-onipared to the amounts of oxides 
introduced, arc somewhat lower tlian ours, whitdi may bo explained }>y ftirnacti 
temperatures being considerably lower. In fact, it is surprising that Mr. E(h^v(* gc^ts 
results as high as given in Tabic 2 at temperatures as low as 1050® Cl for FcO, 1150® ( 1 
for MnO, 1300° C. for Ti02 and 1600® C. for AUOj. In our experiments it was 
sary to go to 1600° C. for FoO, and to 1760° Cl. for the other oxitU^s, to make tlu^ 
reactions at least 90 per cent complete. This difference may bo duo to tli(^ tin a<l<l(ul 
to the charge by Dr. Reeve, which was not done in our work. It is v<^ry int<^r^^sting 
to note that Dr. Reeve had to add powdered graphite to his oxide samplers to bring 
reactions to completion. This is in perfect agreenmnt with our experi<ui(^(^ 

The information in regard to the manner and completeness of th(‘- (jxtraedion of 
hydrogen and nitrogen from metals is very vahiable. It always has bocm f(dt that 
different nitrides may have their properties as widely different as oxidc^s; Dr. Remove 
confirms this opinion. 

It seems that the time used by Dr. Reeve for dcgasification of his satnpk^s (60 min.) 
could be reduced, thus reducing the errors entering from the blank corre(‘,ti(>n. In our 
work^’’ 20 min. is sufficient for dcgasification of a sample exceptionally high in gaseous 
elements. For the routine work 10 min. suffices. 

It is not clear why it is necessary to completely dismantle the funiace aftcT (ivery 
determination. It seems that if several samples, instead of one, could bo hoki in the 
water-cooled head C, several analyses could be performed in the same w^fc-up, thus 
considerably reducing time without sacrificing acuniracy. 

A. McCancb, Glasgow, Scotland (written discussion).— In thti difficult t<^ehni(iue 
of the methods for determining oxides in steel Dr. Reeve has made a defrnib^ advnnct^ 
and the future development of the method that lie describes in his pap(^r will be 
awaited with interest. Based as it is on sound theoretical principles, the method of 
fractional reduction of the inclusions would appear to offer groat hoptjs of a H<uui- 
quantitative solution of the very difficult task of detorniining the distribution of the 
oxygen in steel. After all, there has been no great advantage gained from a knowicidge 
of the total oxygen content as yet — and indeed there was no great advantage to ix^ 
hoped from this knowledge — ^but every achievement in this direction was w(ilcoincd 
nevertheless, as a step towards a real solution of the problem, which is over Ixjforo 
steelmakers, of making a bettor quality of steel with a reduced content of noninei»alUcH. 
A knowledge of the distribution of the oxygen in the inclusions gives at one<i, however, 
a hope that the time is approaching when the content of inclusions and the furnace 
slag conditions can be del^toly correlated, and it is for this reason that I regard 
Dr. Reeve's work as important. 

It is unlikely that the reasons given on page 97 for fearing that the estimated 
results for FeO will be low where the steel has been dcoxidbsed by silicon or manganese 
will lead to any error. If equilibrium has been attained at 1600° it is to be remembered 
that this refers to the liquid condition and that it is improbable that tbo equilibrium 
will be affected at all at 1100° C. when the steel is in the solid condition, since chango« 

w N. A. Ziegler: Reduction of Oxides in the Graphite Vacuum Fusion Method of 
Analysis for Oxygen. Min, Met, (June, 1933) 260. 

N. A. Ziegler: Improved Method for the Analysis of Gaseous Elements in Metals. 
Tram. Electrochem. Soc. (1932) 62, 176. 
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can only take place by diffusion alone. T think it can be accepted that for all practical 
purposes the content of FeO found will be exact, or at any rate free from this source 
of error. 

C. H. Herty, Jr.,* Pittsburgh, Pa. — The method in this paper is to me a very 
successful application of a principle that has been tried for some time. When we 
started on the FeO and MnO work, the first paper that came to our attention was by 
Oborhoffer and Von Kiel, where they tried to differentiate between MnO and FeO by 
reduction with hydrogen at different temperatures. About three years later we 
attempted to differentiate between MnS and FeS by hydrogen reduction and we were 
fairly successful, but not enough so to warrant going ahead with it. 

The point that sticks in my mind at the moment is that five or six years ago many 
people felt that if we could differentiate between the different kinds of oxides and 
analy^ze them accurately it would be a long step ahead in the steelmaking game. That, 
of course, is absolutely correct for certain products. For welding may be 100 per cent 
correct, but I believe the general tendency now in regard to a large quantity of steel 
that is produced is to feel that the really important thing is to know not what kind of 
oxides and how much arc present, but the state of aggregation of the oxide. I feel 
that that is a good deal more important than the total oxygen, even though the total 
oxygen bo split up as so much FeO, so much silica and so much alumina. It is going 
to be an extremely difficult job to say that we have 0.03 per cent oxygen as alumina, 
and that is graded into five different fractions as far as size is concerned, but it does 
seem to me that with this method and others that are being developed we certainly 
should be able to differentiate between the different oxides present and that the next 
stop is to differentiate between the different sizes of the different oxides; and to me 
at the moment that is the most important thing about oxide analysis, particularly in 
view of the intense work that is going on in such lines as aging and hardenability, in 
which certainly the size of the dispersed particle is extremely important. 

A. B. Kinzbl, t New York, N. Y. — The precision and general planning of the work 
by the author of this paper deserve special commendation. The idea as applied is 
new and the axithor also deserves credit therefor. 

The question of equilibrium in the melt leads to certain thoughts. In the produc- 
tion of the usual killed steel there is residual silicon in the metal at approximately 
1600® 0. If this silicon is in equilibrium with the iron oxide at this temperature, 
there will presumably bo no further reaction when evolving gas at 1100® C. If there 
is equilibrium at 1600® (3., the distribution of oxygen between alumina, silica, MnO 
and FeO may be calculated from equilibrium constants and there is no need to make 
fractional analysis. Fractional analysis is necessary only if the relative contents of 
the various oxides do not correspond to equilibrium at the pouring temperature. If 
this equilibrium does not exist, we should expect further reaction on melting even at a 
lower temperature, such as 1100®, whereby any free aluminum or silicon would react 
with the FeO. This would give fractional analysis values that would only be apparent 
and that would not represent the true condition. Accordingly, if the oxides are not in 
equilibrium when pouring, there is difficulty in getting a true f^re from the fractional 
analysis, and if they are in equilibrium when pouring, there is no need for a fractional 
analysis. Obviously, even though there is a small reaction at the lower temperature 
and the fractional analysis is not accurate, it may still be very worth while, in that the 
relative order of magnitudes may bo measured; that is, the analysis may give a large 


* Director of Research, Mining and Metallurgical Advisory Boards to the Carnegie 
Institute of Technology. 

t Metallurgist, Union Carbide and Carbon Research Laboratories. 
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part of the original FcO as such. In this method we have another tool for use in 
studying the oxide problem. Like many other tools that we have had to <lat<^ it 
seems to have certain limitations, and we cannot judge it without furtluT (‘xp(^ri<jn(U‘,, 
The author is to be congratulated on conceiving and studying t.his approach to 
the problem. 

J. Johnston. — Wo have been working for two or three years on an improved 
method of reduction by hydrogen as a means of analyzing steel for oxygen. Jn this 
work wo very soon discovered that results are erroneous if iron is in conta<d. with 
silica at 1000^ to 1 100® C. in presence of hydrogen, which under these cir<nimstanc(^s 
reduces silica; but it took a longer time to recognize the unexpected fact that hydrog(*n 
reduces some silica at this temperature in presence even of iron vapor, though in tlu^ 
blank experiment the amount of such reduction is zero. This difhculty was sur- 
mounted by the use of a high-frequency furnace, which heats the susptmded samph^ 
without bringing the enclosing silica tube to a temperature at which this reacd.ion is 
appreciable. The details of this modified method, with some of the results ohtaimul, 
we hope to submit for publication soon. Hero it suffices to say that, the steel Ixung 
kept at about 1100° C., wo seem to get in about an hour all of the oxyg<m that, will 
come off at that temperature; and that we interpret this oxygen as represemting FeO, 
possibly MnO to some extent, and probably some proportion of the silic^a or silicates, 
the proportion depending upon the fineness of grain of the inclusioriH. 

L. Reeve. — In reply to Dr. Vacher, I want to say that while tins description of thes 
procedure of evacuation and so on sounds very laborious, as an actual fact it takes uj), 
mathematically speaking, no time at all. That is to say, I spend no extra time in 
collecting my gases out of the equipment apart from th(^ titr^e re<iuire(l, in any case, 
to get those gases off the melt. If I am in a htirry I pump off the gases as soon as tlu^y 
come off, and collect them in a test tube. That takers no additional tinuj. Gas 
analysis takes about }4 hr. per sample on an Orsat apparatus. 

With regard to the statement, too, that the time mentioned, 8 hr., is not correct, I 
presume that means it is not correct at the present moment; but at the time w(^ started 
doing this work, late in 1931, Dr. Thompson, of the Bureau of Standards, told us he 
took about 9 hr, to carry out a determination. 

I think the main point of importance has been raised by Dr. McC-ance and Dr. 
Kinzel; that is, with regard to the possible displacement of equilibrium. That 
worried me for a long time. It struck me as fundamentally perhaps the weakest 
point in the method, but just before this paper was written, wc carried out a number 
of determinations on a piece of gray irpn, which gave a great deal of valuable informa- 
tion, and, while not absolutely disproving the possibility that displacement of 
equilibrium may take place to a slight extent, indicated that the acitual amount of dis- 
placement was very much smaller than I feared. Wo had a gray iron that was known 
to be pretty poor as far as physical properties wore concerned, and yet was known to 
contain high carbon, of course, and high silicon. Its analysis is given in footnote 1 1. 
With that amount of silicon and certainly with that amount of carl)on, wo did not 
expect much oxygen. When wo came to analyze the sample by the fractional method 
wc found 0.047 per cent of oxygen as FeO plus MnO. Those who are familiar with 
the subject will agree that this is a considerable amount, A considerable part of 
this oxygen, I do not recall the exact amount, was PeO; the Oa as SiOa averaged only 
0.007 per cent and the microexamination of the specimen confirmed the fact that 
there was a slight amount of siliceous material there. The surprising thing is that with 
1.7 per cent silicon it was possible to have a sample that apparently was not deoxidized 
in the usual sense of the term; that is to say, at the pouring temperature of this gray 
iron, the silicon had not reacted with the iron oxide, present. The iron, of course, may 
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have become oxidized in the mold. But, here again, in the fractional method of 
analysis I n^melted the specimen at a temperature of 1050^ C. (in the presence of tin) 
and again the silicon apparently did not react to any more than the extent of 0.007 
per (UMit, and possibly less, so it looks as though the possibility of deoxidation by silicon 
during the actual determination is certainly not going to be as bad as I thought it 
might be. 

I think there was some misunderstanding by Dr. McCance with regard to the state 
of aggregation of my material. I am working with a liquid even at 1050° C. He 
refcjrH to my material as solid. 

Dr. Johnston spoke of the reduction of silica by hydrogen. It certainly strikes me 
as a remarkably low temperature. I did not find that with carbon; I certainly had no 
apprecial)le nuiuction at 1100° C. The point Dr. Johnston raised about the fineness 
of th(j grain certainly should be borne in mind. 

I agr<Mi wil,h Dr. Hcrty that the state of aggregation is as important to the physical 
properties as the amount of material. 

T. Hwinden,* Stocksbridge, linglaiul (written discussion). — The improvements 
Dr. Reev(i lias made have put the vacuum fusion method on a really workmanlike 
basis, and this is a very important feature. It will encourage other people to develop 
this rnetliod whuth, after all, is, I think, generally recognized as the most reliable 
method for the determination of total oxygen in steel. 

Tlu^ work Dr. Reeve has done on the determination of FeO and MnO, Si02 and 
AlaOa, by fractional extraction is extremely interesting. At the same time, as he 
I)()ints out, the interaction of the oxides when heated will, I am afraid, render absolute 
fjgun^H on this basis somewhat problematical. Nevertheless, it is an extremely useful 
s\iggestion and one that we intend to follow up further in our own laboratory when 
wo have the opportunity of installing the requisite apparatus. Altogether, Dr. 
Rcieve’s paper must be regarded as a most useful and constructive contribution to the 
subject and one that will be referred to by all workers in this field. 

(3. BiflNEDicKSt and G. Ericson,! Stockholm, Sweden (written discussion). — We 
have studied the paper with much interest; we especially appreciate the increase in 
accuracy represented by but one single specimen being analyzed each time, in spite of 
the loss of time resulting. 

As for the reliability of the method, the writers, after a careful experimental 
analysis of the vacuum exhaustion method,^® have satisfied themselves that a quanti- 
tative working is possible to roach, but only under some special precautions. The 
most important point is to avoid the sputtering of the oxide specimen. As a matter 
of fact, the reduction of the oxides of iron, manganese and silicon takes place in a very 
energetic way — ^nearly implying explosions — ^which causes the oxide partly to be blown 
out of the cjruciblc, with great losses of oxygen. On account of this, the writers found 
it necessary for an accurate working with oxide powder to let the carbon monoxide 
formcid pass through a glowing layer of graphite powder, kept in the upper part of the 
crucible. It was not easy to understand that without such a precaution an output of 
100 per cent was now sometimes obtained in the case of Si 02 ; probably the considerable 
height of the crucible used by the author (6 in.), as compared with that of the present 
writers (4 in.), might be the reason of the sputtering causing lower losses. 


* Director of Research, The United Steel Companies Limited, 
t Director, Metallographic Institute of Stockholm. 
t Metallographic Institute of Stockholm. 

G. Ericson and C. Benedicks: JervJcontorets Ann, (1931) 86, 549. Abstract: 
StaM u, Bi6$n (1932) 62, 565, 
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The principal objection against the apparatus as described was the vise of a radia- 
tion shield (the sillimanito protection tube). This being (juitci close to tlu'- glowing 
graphite, a reaction can hardly be avoided. The use of such an oxide tube, a<‘eorditig 
to our opinion, is the main reason for the high blank values obtained. We found it 
absolutely necessary to avoid such tubes. As a matter of fact, with niodorn possi- 
bilities a radiation shield is not required for obtaining high temperatures. 

It should be remarked in this connection that no description has been given of tlu^ 
manner in which the corrections have been made for the influence of the blank value. 
The influence of this correction is prominent, especially for the hydrogen conterit. 
According to experience gained by the present writers, the blank gas as a rule contains 
about 85 per cent hydrogen. Hence the influence of a high blank value is a con- 
siderable one for hydrogen. 

To judge from Pig. 1, the leads used by the author arc ratln^r long and narrow, 
which considerably increases the difficulty of obtaining a satisfactory vac\ium. 
Besides, the presence of stopcocks in the high-vacuum loads also incrcasoH this diffi- 
culty. They should be entirely avoided. 

A loading device of simpler construction than the one used, permitting the storing 
of a number of samples, is described in the paper of the present writers. 

The reduction temperatures indicated in the paper tally fairly well with those 
found in the work of the present writers. They hope that these remarks may be of 
some value for the continued work. An increase in the accuracy of the tnothod is 
indispensable in order to get reliable results for stool sainphss with v(^ry low 
oxygen values. 

L- Reeve (written discussion). — The method dc^scribod is, of courses, eciually 
applicable to ordinary steel samples. The difforoncos as compared with wold nu^tal 
are purely quantitative. The writer has analyzed a number of stool samples, botti 
rimmed and killed, by the fractional method. The only cluiTigos ho would like to 
introduce are in the direction of increasing the accuracy of the method by using larger 
steel samples and by reducing the value of the blank corrections. Tlio lattc^r inci- 
dentally are almost negligible at temperatures up to about 1400® 0., but become rela- 
tively more marked at the temperature of the third fraction. Both tlicso improve- 
ments are perfectly feasible. With regard to the other points raised by Dr. Hatficdd: 

1. As regards the completeness with which the oxygen from each fraction is 
extracted. It has been pointed out in the experiments on reduction of ix)wdcrod 
oxides and silicates, described on pages 90 to 92, that it is difficult to duplicate the 
reduction of inclusions in a steel sample by moans of such experiments. The fact 
that results are erratic has been pointed out by other experimenters, in particular 
by Diergarten and by Benedicks. The latter refers to this difficulty in his 
written discussion. 

The writer believes that conditions are far more favorable to the reduction of 
inclusions already present in a steel sample than when powdered oxides are dropped on 
to the surface of a melt. In the latter case, they are liable to agglomerate into a 
“clot'' (p. 91), and to float unreduced on the surface. When this tendency is over- 
come, considerably better results are obtained. 

Benedicks suggests that inclusions may be blown explosively out of the crucible, 
and suggests a guard of glowing graphite above the melt. The writer has occasionally 
introduced this guard by the simple procedure of dropping one gram of graphite 
powder into the crucible before starting an experiment. It certainly appeared to be 
helpful. (See p. 91.) 

Ziegler refers to his experiments on powdered oxides, in which apparently ho was 
able to obtain 100 per cent yields even with alumina, by adding powdered graphite 
to his oxides. 
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In general, the author is of opinion that the general conclusion from these experi- 
ments is that the completeness of reduction of most oxides (with the possible exception 
of alumina) is at least 90 per cent. 

2. With regard to the possible error introduced by the upsetting of equilibria; 
the writer dealt with this matter in his oral reply (p. 106). It would seem that the 
writer^s fears with regard to displacement of equilibrium are probably groundless, and 
even if it were possible to have a steel containing iron oxide in the presence of free 
silicon, or aluminum (rather doubtful in the case of a steel melted at 1600® C., although 
apparently possible in the case of a gray iron), such iron oxide would not be acted upon 
by the free silicon under the conditions of the analysis. 

3. With regard to the higher H 2 values given by the fractional method, the writer 
must confess that he gives the results for what they are worth. Tin may have an 
effect on hydrogen solubility either by decreasing it in the melt or by affecting the 
surface tension of the melt, as suggested by recent investigators in this field. Alter- 
natively, the longer time taken by a fractional determination may have something 
to do with the greater completeness of hydrogen removal. 

The writer appreciates Dr. Vacher’s suggestion that possibly two temperatures 
might be sufficient in practice for carrying out the fractional method, but he cannot 
agree entirely with the subdivision suggested, particularly with regard to the reduction 
of manganese silicates. However, some such division at, say, 1200® C. to include 
FeO and MnO, and at 1570® C. or higher to include Si02 and AI 2 O 8 , might be useful 
in practice. 

The writer's own impression is that the amount of FeO apart from the MnO is 
often the important factor in determining physical qualities of steel — or at least, of 
weld metal. 

With regard to the time taken for analysis, a “total oxygen" determination can be 
carried out in about 3 hr., and a fractional in about 6 hr. Under certain conditions, 
these times may be reduced. The author has sometimes used a head containing 
multiple samples (up to six), in which case the total time per determination is reduced 
considerably. There are, however, objections to this practice (such as the piling up of 
manganese), which have been pointed out by the Bureau of Standards and by German 
investigators, and for the most accurate work, one determination at a time is advisable. 
Dr. Benedicks has overcome some of the difficulties connected with heads carrying 
multiple samples, and for routine work the procedure may perhaps be sufficiently 
accurate. It certainly reduces the time for a single determination when total oxygens 
arc being considered. The time saved would not be relatively so marked in the 
fractional determinations. 

The procedure described for handling the equipment is rather like a description of 
how to handle an Orsat gas analysis apparatus — ^very much simpler in practice than 
in print. As pointed out on page 106, the gases may be collected immediately as they 
come off and no appreciable additional time is required for this purpose. On the 
whole, the writer thinks it more convenient to handle 1 c.c. of hydrogen as a gas than 
to weigh it as (approx.) 0.0008 gram of water. No doubt, with practice, equal 
accuracy is possible by both methods. 

The writer is familiar with Mr. Ziegler's excellent work on the reduction of 
powdered oxides. The presence of metallic tin in the writer's experiments would, of 
course, give a molten medium in which reactions could take place even at relatively 
low temperatures. The use of powdered graphite is referred to. It should perhaps 
be pointed out, that the writer placed his graphite in the crucible at the beginning of a 
tost, and that this graphite powder would be pro-evacuated during the evacuation of 
the crucible. Mr. Ziegler mixed the graphite directly with his oxide, and dropped the 
mixture into his evacuated furnace. This no doubt helped to give better percentage 
yields, but there is some possibility of a little gas being present in the powdered graphite. 
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The time given for the complete degasification of a sample errs d(jliberatcly on thc^ 
high side; in many cases, 30 min. is sufficient. The still siiort(^r time mentioned by 
Mr. Ziegler is no doubt due to the higher top temperature at which he works. 

The writer is now (April, 1934) associated with the United Steel (^nnpanies, 
and the specific points raised by Dr. Swindon will no doubt be inv(*Htigat(‘d at the 
first opportunity. 

The extremely important aspect of the inclusion problem raised by Dr. Thirty 
lies outside the special field dealt with by the writer. No doubt the size of iruduHion 
plays an important part in determining the quality of a steel. Ther<i has not been 
sufficient agreement in the past on suitable methods for determining accurat<dy th(i 
type of inclusion to warrant reliable deductions as to their import/ance. The writer 
would feel very happy if he knew that he had helped to solv(i this specific problem. 
The future will indicate its relative importance. 

The writer is pleased to note that Dr. Benedicks and Mr. Kricson liave found 
that in principle the method may be regarded as quantitative, subject to the tyjx* of 
precaution mentioned by them. 

The point regarding the height of the crucible being helpful is probably (^orrcicd.. 

With regard to the employment of a sillinianito radiation sc.retm, the writ(^r has 
never found any serioxis difficulty as regards evacuation with the suH])ende<l type 
of crucible. 

The blanks at temperatures up to 1400® C. are almost negligible, and even at 
1670® C. are not serious. The writer, however, agrees that it is possible to redmjo 
these blanks still further, and that the removal of the screen might be ust^ful. A 
description of the method by which the blanks are dctermincHl is given on pages 87 
and 93- 

The lead from the furnace to the mercury diffusion pump is made extra wide 
(about 17 mm. internal diameter). The photograph does not show this very ck^arly, 
although careful examination will indicate that this tube is wider than ini the rest of 
the equipment. An extra large stopcock (1 cm. boro) is also ua<id in this portion. 

The last paragraph of Dr. Benedicks' discussion is of particular interest to ih(j 
writer, because this is the first independent check of the reduction tempetratures he 
has employed. 



Determination of Oxygen in Alloy Steels and Its Effect 

upon Tube Piercing 

By Newell Hamilton,* Beaver Falls, Pa. 

(New York Meeting, February, 1934) 

Some years ago, in the manufacture of seamless tubing from an alloy 
steel containing 0.07 per cent maximum carbon, 18 per cent chromium 
and 8 per cent nickel, at the plant of The Babcock & Wilcox Tube Co., a 
peculiar type of piercing defect was noticed. This defect was definitely 
associated with certain heats of the alloy and was independent of any of 
the variables of mill operation and billet-heating condition. A thorough 
analysis of the defective material yielded but one clue to. the reason for 
its abnormal behavior in piercing and that was its oxygen content as 
determined by the vacuum fusion method. 

The oxygen content of the defective 18-8 alloy was found to be from 
two to three times that of the material that had pierced satisfactorily, 
and this incited an active interest in the vacuum fusion method for the 
analysis of alloy steels. After a critical survey of the literature on this 
subject, and considerable experimentation, an apparatus and technique 
were evolved that gave a fairly rapid, simple and reliable method of 
analysis. Samples selected from six years of tube production of 18-8 and 
other corrosion-resistant alloys were analyzed by this method. This 
paper describes the procedure and gives a correlation of the oxygen, 
hydrogen and nitrogen contents of a number of alloy steel samples repre- 
sentative of good and bad tube-piercing quality. 


The Appaeattjs 

Basically the apparatus used in this work was that of Jordan and 
Eckman,^ employing a high-frequency induction furnace and the gravi- 
metric method of analyzing the evolved gases, nitrogen being excluded 
from the determination. In addition, a magazine-type cap and a large- 


Manuscript received at the office of the Institute Nov. 29, 1933- 
* Research Metallurgist, The Babcock & Wilcox Tube Co. 

, ^ L. Jordan and J. R. Bckman : The Determination of Oxygen and Hydrogen in 
Metals by Fusion in Vacuum. U. S. Bur. Stds. SH. Paper 614 (1926). 

Ill 
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capacity mercury diffusion pump were used, as suggested by Hessenbruch 
and Oberhoffer.® 

The apparatus (Fig. 1) consists of a high-frequency induction fur- 
nace, a McLeod gage of standard make with a range from 0 to 250 
microns, a four-stage all-metal mercury diffusion pump, an analytical train 
and a small rotary vacuum pump. All of the glass tubing and glassware 
in the apparatus is Pyrex, to facilitate repair work, and the stopcocks 



Fig. 1. — Diagram of apparatus usbd in dbtbrmination of abloy stbbub. 


are especially selected with large barrels ground carefully for high- 
vacuum work. The analytical train is mounted upon an angle-iron frame 
and consists of a copper oxide U-tube enclosed in a small electric resist- 
ance furnace and two removable absorption tubes of the type described 
by Vacher and Jordan,® filled with suitable absorbents. The glass tubing 
connecting the furnace cap and the diffusion pump is of large diameter 
in order that the transfer of gases from the furnace may be rapid. 

The details of the cap and furnace construction are shown in B’ig. 2. 
The cap, sample magazine and outlet elbow were all machined from 
wrought 18-8 alloy but might have been made from any nonmagnetic 
alloy, such as brass. The cap proper was machined from one solid piece 

* W. Hessenbruch and P. Oberhoffer: An Improved Method for the Rapid Deter- 
mination of Gases in Metals, Especially Oxygen in Steel. Arehie f. d. EiaenhuUm- 
teesen (1928) 1, 583-600. 

• H. C. Vacher and L. Jordan: The Determination of Oxygon and Nitrogen in 
Irons and Steels by the Vacuum Fusion Method. U. S. Bur. Stds. Jtd. of Research 
(1931) 7. 
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in such a manner that only one soldered joint was actually subjected to 
t,he vacuum, that being where the outlet elbow is attached. The sample 
magazine contains six compartments symmetrically placed around the 
funnel. Across the bottom of each compartment in a radial direction is 
a small nickel pin, which retains the sample in the magazine. With- 
drawing this pin by means of an electromagnet held on the outside of the 
cap allows the sample to fall through the funnel into the crucible. By 
this arrangement it is possible to drop any one of the six samples into the 
crucible at any time without interfering in any way with the vacuum in 
the furnace. 

A circular piece of plate glass is sealed over the top of the cap with 
wax, permitting observation of the samples and crucible at all times. 
Removal of this glass plate allows free access to the loading magazine and 
the furnace and permits the necessary replacements to be made by break- 
ing only one vacuum-tight seal. 

The cap is sealed on the top of the silica tube with wax; this seal being 
more or less permanent and protected from the heat of the crucible by a 
water jacket around the silica tube and above the high-frequency coil. 
This water jacket consists of a coil of copper tubing firmly cemented to 
the silica tube with a sodium silicate-metallic zinc cement that has fairly 
good thermal conductivity. 

The graphite crucible is supported upon a graphite pedestal which in 
turn rests upon granular magnesite in the bottom of the silica tube a safe 
distance from the field of the high-frequency coil. This construction was 
suggested by the design of furnace used by Von Seth.^ A sillimanite 
radiation shield surrounds the crucible and prevents an undue amount of 
radiant heat from reaching the silica tube. By this construction all* 
possible contacts between hot graphite and refractory are avoided and 
gas evolution as a result of the reduction of refractories by the graphite 
is eliminated. 

The high-frequency coil was actuated by a Northrup generator of 
35 kva. capacity. With this power source and the coils available it was 
possible to obtain temperatures as high as 2000® C. The temperature in 
the crucible during degasification and the metal temperature during parts 
of the analysis were measured continuously by means of a radiation 
pyrometer sighted down into the crucible through the glass plate on the 
top of the cap. 


The Method 

The operation of the apparatus does not differ greatly from the 
original method of vacuum fusion analysis described by Jordan and 

^R. Von Seth: The Determination of Oxygen in Iron by Melting in Vacuum, 
JernhontoreU Ann. (1928) 83, 113-150. 
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Eckman. The various modifications of their original apparatus have 
brought about some changes in the technique of the analysis which may 
be briefly summarized as follows: 

1. Higher temperatures of crucible and sample degasification tend- 
ing toward greater assurance of a complete reduction of the oxides in 
the sample. 

2. Lower pressures and greater evacuation rates during an analysis, 
permitting more rapid determinations. 

3. A cap and furnace construction that permits the analysis of six 
consecutive samples and eliminates the blank correction by minimizing 
the gas evolution from refractories. 
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Fia. 3. — CETJCIBLBi DBOASIFICATIOK. 


Fig. 3 shows a record of a typical crucible degasification, time being 
plotted against pressure with the temperature indicated. This operation 
requires from 1}^ to 5 hr., depending, presumably, upon the amounts of 
impurities in the graphite. The blank for the apparatus, after degasifi- 
cation to a pressure of one micron at 1700° to 1725° C., is unweighable 
and is therefore less than 0.00015 per cent oxygen and 0.00005 per cent 
hydrogen. Degasification pressures of 3 microns were found to yield 
blanks that were just barely weighable. 

The filling, cleaning and weighing of the absorption tubes is done with 
the utmost care. One filling usually sufiices for a series of six determina- 
tions. The tubes are subjected to triple washings with ether and the 
weighing is done upon a Troemner analytical balance of high sensitivity. 
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the smallest weighing division of which is 0.00005 grams. From experi- 
ence it was found that the errors in weighing were within 0.0001 grams. 

The earlier forms of the apparatus had another set of absorption tubes 
placed ahead of the copper oxide tube. This was found to bo unneces- 
sary because the amounts of carbon dioxide and water vapor evolved as 
such from a sample during analysis were negligible and did not affect the 
accuracy of the method when absorbed and calculated as carbon monoxide 
and hydrogen. 



FlO. 4. — DjnGABimOATION of SAMPLB of 18 FJBB CBNT OHROMITJM, 8 FBK CENT NICKBI. 

STEEt. 

Weight of sample, 22.242 grams; oxygen, 0.0062 per cent; hydrogen, 0.009 per cent. 

Fig. 4 shows a record of a typical 18-8 sample degasification, plot- 
ting time against pressure with the temperature indicated. The time 
required for this operation varys with the sample weight and the amount 
and combination of the oxygen and may be from 20 min. to 1 hr. and 
30 minutes. 

The application of this method to the analysis of alloy steels, par- 
ticularly 18-8, required an investigation of the reproducibility of the 
method and the effect of temperature of sample degasification. This 
was accomplished by the selection of a ‘'standard ” sample of this material 
and the analysis of a number of these samples at various degasifioation 
temperatures both in empty degasified crucibles and consecutively in the 
same crucible. The results of a number of these analyses are given in 
Table 1. 
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Table 1, — AnalyBes of Standard Samples of Steel Containing 18 Per Cent 
Chromium and 8 Per Cent Nickel 


Temperature of 
Degasifioatlon, 
Deg. C. 

Gases, Per Cent 

Temperature of 
Degasification, 
Deg. C. 

Gases 

Per Cent 

Oxygen 

Hydrogen 

Oxygen 

Hydrogen 

1500 

0.0090 

0.0016 

1675 

0-0128 

0.0016 

1625 

0.0112 

0.0026 

1675 

0.0123 

0.0026 

1575 

0.0104 

0.0008 

1700 

0.0130 

0.0030 

1600 

0.0106 

0.0008 

1700 

0.0131 

0.0020 

1625 

0.0108 

0.0008 

1700 

0.0123 

0.0030 

1625 

0.0121 

0.0017 

1725 

0.0129 

0.0020 

1650 

0.0113 

nil 

1760 

0.0130 

0.0030 

1650 

0.0124 

0.0016 

1775 

0.0127 

0.0028 

1675 

0.0103 

0.0007 





The values for oxygen are almost uniform above 1676® C., and below 
this temperature are low and erratic, therefore the temperature range 
for degasification was set at 1700® to 1725® C. 

The extensive work of almost all other investigators has indicated 
that complete reduction of even the most refractory oxides may be accom- 
plished by the vacuum fusion method, providing high enough temper- 
atures are used. As the present investigation was concerned with a 
comparison of various heats of the same types of steel, more attention 
was paid to the reproducibility of the method than to an investigation of 
the completeness of reduction of the various oxides. During the course 
of the work it was found that certain samples known to contain aluminuin, 
zirconium, titanium, etc., required longer degasxfication periods. A 
great many samples were run in duplicate and triplicate with results 
indicating that the method yielded results reproducible within 0.0005 per 
cent oxygen. 

One source of error in checking results was traced to sampling, as in 
general higher values for oxygen were obtained on samples cut from the 
core of a billet than on those cut from near the outside. In some cases 
the difference between these two values was as high as 50 per cent and 
for this reason care was taken in cutting the sample to see that representa- 
tive amounts of core and rim material were included. 

Early in the work it was found that any attempt to include nitrogen 
in the gases determined in the vacuum fusion analysis made the apparatus 
and technique more complicated. Except in rare instances, such as 
18-8 alloys containing titanium or other alloy ingredients forming insolu- 
ble nitrides, the modified Allen distillation method as described by 
Jordan and Swindells® gave satisfactory results. 


*L. Jordan and F, E. Swindells: Gases in Metals, I — ^The Determination of 
Combined Nitrogen in Iron and Steel and the Change in Form of Nitrogen by Heat 
Treatment. U. S. Bur. Stds. Sd. Paper 457 (1922) 18. 
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Results 

In order to investigate the effect of oxygen on the tube piercing of 
18-8 alloy, a number of heats were selected from the mill production of 
this alloy. In each case the heats selected were either good or bad and 
nothing was left in doubt concerning the mill variables that might possi- 
bly have affected the piercing. As some six years of tube-production 
records of the alloy were available it was possible to select only heats of 
which the histories were definitely known. In all cases the bad material 
had been run along with some good material in order to make the com- 
parison more exact. 



Fig. 6. — Hbavt chboking in a piehobd hollow or 18-8 allot. 


The defect that occurred in the heats that were selected was called 
“outside checking,” and consisted of outside transverse cracks originating 
in the piercing mill. After plug rolling these cracks opened and varied 
in depth from a few thousandths of an inch to ruptures entirely through 
the wall of a heavy-walled tube. Fig. 5 shows a case of heavy checking 
of this tjrpe in a pierced hollow of 18-8 alloy. The defect has been 
analyzed as a lack of high-temperature ductility in the metal and has 
been in all cases directly traceable to a particular heat of steel. 

The samples selected for vacuum fusion analysis were out from either 
bUlets or tubes, so that the same ratio of core and rim was maintained in 
all cases. Nitrogen determinations were made On these heats by the 
distillation method. The usual chemistry of these heats was well within 
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the commercial range for this alloy and absolutely no correlation existed 
between the outside checking and the carbon, manganese, sulfur, phos- 
phorus, silicon, chromium, nickel or iron contents of the heats. 

Table 2 gives the oxygen, hydrogen and nitrogen contents of these 
heats, and from these results it may be seen that the oxygen contents of 
the heats exhibiting the checking are from two to three times the values 
obtained on good material. Likewise, the maximum and minimum 
oxygen values for these two classifications do not overlap and the degree 
of checking is roughly proportional to the oxygen content of any one 
heat. The correlation of hydrogen and nitrogen contents and outside 
surface checking is not nearly so conclusive. The variation in hydrogen 
between good and bad materials might be regarded as within the error of 
the method, and it should be noted that several of the heats showing 
checking are below the average for good heats in both hydrogen and 
nitrogen content. 

Recently a number of heats of an alloy steel containing 5 per cent 
chromium, 0.50 per cent molybdenum and 0.16 per cent carbon maximum 
developed a bad surface condition, which apparently had originated in 
the piercing mill. The final form of the defect was more in a longitudinal 
direction than in a transverse direction but it had a close resem- 
blance to the external checking that had occurred on the 18-8. A num- 
ber of these heats, as well as some that had processed satisfactorily, were 
analyzed by the vacuum fusion method, with the results shown in 
Table 3, which show that practically the same difference exists between 
the oxygen values of the good heats and those exhibiting the outside 
checking, as in the 18-8 results in Table 2. The values also are of the 
same magnitude. 

All of the alloy steels represented in this investigation were made by 
the basic electric process in 6-ton to 12-ton heats. The 18-8 heats were 
processed into tube rounds and then rough-turned to eliminate surface 
defects, while the 6 per cent chromium, 0.50 per cent molybdenum heats 
were rolled into tube rounds after chipping in the bloom and in some 
cases chipping in the round but with no rough turning. Both alloys 
represent an excellent quality of steel, and the tube billets were carefully 
inspected before rolling into tubes. It is highly improbable that any 
surface defects existed on the tube rounds that could have contributed to 
the checking that was present on the finished tubes. 

Discussion oe Results 

The results of this investigation indicate that the total oxygen con- 
tent of two highly alloyed steels bears a direct relationship to the elevated 
temperature ductility of these steels as determined by the seamless tube 
piercing. Any theoretical consideration of this problem brings up the 
question of the maimer of combination of oxygen in these steels that 
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Table 2. — Gases in Alloy Steel Containing 18 Per Cent Chromium, 8 Per 
Cent Nickel, 0.07 Per Cent Maximum Carbon 


Sample No. 

Condition 

QaHOS, Por C«nt 

Oxygen 

Hydrogen 

Nitrogen 

A-1 

Good 

0.0065 

0.0004 

0.026 

A-2 

Good 

0.0055 

O.OOlO 

0.023 

A-3 

Good 

0.0060 

0.0012 

0.025 

A-4 

Good 

0.0061 

0.0009 

0.020 

A-6 

Good 

0.0069 

O.OOlO 

0.021 

A-6 

Good 

0.0087 

0.0011 


B-1 

Good 

0.0064 

0.0006 

0,036 

C-1 

Good 

0.0070 

0.0010 


C-2 

Good 

0.0066 

O.OOlO 


D-1 

Good 

0.0062 

0.0006 


D-2 

Good 

0.0086 

0.0014 


D-3 

Good 

0.0060 

0.0020 


D-4 

Good 

0.0059 

0.0010 


D-13 

Good 

0.0055 

0.0018 


A-11 

Good 

0.0076 

0.0009 

0.0188 

A-12 

Good 

0.0060 

0.0008 

0.0197 


Average 

0.00668 

0.00104 

0.0234 


Maximum 

0.0087 

0.0020 

0.035 


Minimum 

0.0056 

0.0004 

0.0188 

E-1 

Very heavy checking outside 

0.0376 

0.0008 

0.113 

A-9 

Heavy checking outside 

0.0190 

0.0011 

0.024 

D-9 

Heavy checking outside 

0.0207 

0.0006 

0.032 

D-10 

Heavy checking outside 

0.0161 

0.0012 

0.026 

D-11 

Heavy checking outside 

0.0182 

0.0012 

0.020 

C-6 

Heavy checking outside 

0.0220 

0.0039 


D-12 

Checking outside 

0.0160 

0.0006 

0.037 

C-9 

Checking outside 

0.0146 

0.0009 


A-10 

Light checking outside 

0.0127 

0.0016 

0.022 

ar 

Light checking outside 

0.0106 

0.0012 


C-8 

Light checking outside 

0.0137 

0.0024 



Average 

0.0182 

0.00136 

0.029 


Maximum 

0.0376 

0.0039 

0.113 


Minimum 

0.0106 

0.0008 

0.022 


causes this change in their ductility. Both of the alloys investigated 
contain appreciable amounts of chromium, and, owing to the great 
activity of this element, it is probable that the oxygen present is in com- 
bination with it. The amounts of inclusions present in these steels at 
room temperature are not excessive and could not possibly affect the 
workability of the steel if they were to remain unchanged when heated 
to the temperatures required for piercing, which are from 2160° to 
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Table 3 . — Gases in Alloy Steel Containing 5 Per Cent Chromium, 0.50 Per 

Cent Molybdenum 


Sample No. 

Condition 

Gases, Per Cent 

Oxygen 

Hydrogen 

Nitrogen 

6CM-B1 

Good, no steel loss 

0.0069 

0.00091 

0.0224 

5CM-B2 

Good, no steel loss 

0.0066 

0.00069 

0.0190 

5CM-B3 

Good, no steel loss 

0.0073 

0.00090 

0.0238 

5CM-B4 

Good, no steel loss 

0.0078 

0.00070 

0.0408 

5CM-C1 

Good, no steel loss 

0.0059 

0.00140 

0.0084 

5CM-A1 

Good, no steel loss 

0.0064 

0.00062 

0.0358 

5CM-A2 

Good, no steel loss 

0.0060 

0.00079 

0.0239 

5CM-A3 

Good, no steel loss 

0.0069 

0.00097 

0.0145 

5CM-C2 

Good, no steel loss 

0.0079 

0.00260 

0.0126 

Average 

Good, no steel loss 

0.00684 

0.00106 

0.0223 

Maximum 

Good, no steel loss 

0.0079 

0.00260 

0.0408 

Minimum 

Good, no steel loss 

0.0059 

0.00069 

0.0084 

6CM-B6 

Bad, outside checking 

0.0197 

0.00098 

0.0252 

5CM-C3 

Bad, outside checking 

0.0130 

0.00076 

0.0187 

60M-C4 

Bad, outside checking 

0.0173 

0.00170 

0.0193 

Average 

Bad, outside checking 

0.0166 

0.00114 

0.0210 

Maximum 

Bad, outside checking 

0.0197 

0.00170 

0.0262 

Minimum 

Bad, outside checking 

0.0130 

0.00098 

0.0187 


2350° F. (1177° to 1288° C.). This suggests the formation of an oxygen- 
bearing constituent at elevated temperatures, which would have physical 
properties differing from the alloy matrix at these temperatures and would 
be of sufficient volume to cause the pronounced effect upon the elevated- 
temperature ductility of the alloy that has been noted. Efforts to prove 
the existence of such a constituent by microscopic examination at room 
temperature have as yet been unsuccessful. 

That some combination of oxygen and chromium is responsible for 
the abnormal behavior of these steels at elevated temperatures is indi- 
cated by the fact that heats of 18-8 alloy that have been subjected to 
ladle deoxidization with aluminum or zirconium have been successfully 
pierced even though their total oxygen content has been above the maxi- 
mum for good piercing quality. This is explained by the supposition 
that the oxygen in these heats has been fixed to a more stable form by 
combination with aluminum or zirconium so that it does not affect the 
elevated temperature ductility. Such ‘‘fixing’’ of the oxygen content of 
a heat of 18-8 is not a satisfactory solution to this problem, for it has 
been found that the resulting inclusions seriously interfere with the work- 
ing of the alloy in other ways, to form numerous splits and tears in hot 
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working that become exaggerated in cold drawing. The fact remains 
that oxygen in 18-8 and other high-chromium alloys, regardless of it<s 
combination, is detrimental to the manufacture of tubes and all efforts 
should be made to keep it at a minimum. It is realized that this mini- 
mum is low (less than 0.01 per cent oxygen) but experience has shown that 
many thousands of tons of these materials have been made that have 
contained less than this minimum of oxygen. 
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DISCUSSION 

(/ erome Strausa presiding) 

H. C. Vachbr,* Washington, D. C. (written diHcussion). — This is one of th(^ first 
papers to show that oxygon analyses can bo correlated directly with plant difricuilti(‘H. 
It should act as an incentive to increase the application of the vaciunti fusion method 
and to stimulate research on the behavior of inclusions in steel. 

Mr. Hamilton stated that he was primarily interested in obtairung nsproducibh^ 
values for the oxygen content of 18-8 steels. However, his procedure and data 
are interesting also from the point of view of accuracy. He infers that the satrie vahui 
for an 18-8 steel can be obtained from an empty crucible as from a crucible containing 
the residue of a previous analysis. It has been shown*® that a difference b(^twee!i the 
first and successive determinations was obtained if the material contained manganese 
and that* the difference increased as the manganese content increased. For material 
containing approximately 0.4 per cent manganese, the amount usually found in low- 
carbon 18-8 steels, the difference was about 0.002 per cent. The fact that Mr. 
Hamilton's data show no difference when the same material is analysed in an empty 
crucible and when analyzed in a crucible containing the residue of a previous analysis 
indicates that manganese is not causing an error in the values obtained by his proce- 
dure under which our values were obtained differs from those of Mr. Hamilton in 
temperature, furnace arrangement and material analyzed. It would bo interesting 
to know whether he has analyzed material of higher manganese content, that is, 
in the range of 0.7 to 1.2 per cent, without finding any difference in the results obtaincnl 
with an empty crucible and with a crucible containing a residue from a previ- 
ous determination. 

N. Hamilton (written discussion),— Apparently no difficulty was exporicnced 
with manganese interference in the degasification of 18-8 alloys. Tho maximum 

* U. S. Bureau of Standards. 

*H. C. Vacher and L, Jordan; U. S. Bur. Stds. Jrd, of Beaearch (August, 1931) 
376-^1. 
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inangiinesc content of any of the 18-8 alloys analyzed was 0.47 per cent. We have 
had some difficulty with manganese interference in carbon-iron-manganese alloys 
with manganese contents around 1 per cent, but careful initial heating and dilution 
of the high-maiiganose sample with a lower manganese degasified melt appears to take 
care of this condition. It is possible that the added alloy content of 18-8 decreases 
the volatilization of manganese in the sample, 

C. H. Herty, Jb.,* Pittsburgh, Pa. — It might be worth while to investigate the 
oxygen in this steel by the method described by Eeeve; that is, fractional distillation, 
wh(^re different percentages of oxygen are obtained by distillation at certain critical 
temperatures (p. 82, this volume). 

Thei'c arc no intermediate values given for oxygen. I suppose a series of very 
good heats and a series of very bad ones were chosen for this comparison. How did 
th(^ intermediate oxygen heats behave? Did some of them slightly crack, or was 
then^ any vsharp dividing line? 

N. Hamilton. — We did some work on the adaptation of Rceve^s method of 
fractional distillation to this alloy but no definite conclusions were reached other 
than the fact that higher degasification temperature ranges were needed. It is 
true that a portion of the oxide is reduced at lower temperatures but our work at 
various degasification temperatures seemed to indicate that there was no sharp 
dividing line between complete reduction of the oxides present and selective reduction 
of some more easily reduced oxide. Another difficulty in connection with this work 
was the preparation of samples with known oxide combinations. 

The question conccniing intermediate values I believe is answered by Table 2, 
wherein it is notcnl that the minimum value for heats showing outside checking is 
0.0106 per cent oxygen, while the maximum value for good material is 0.0087 per 
cent oxygen. 

M. A. Grossmann,! Chicago, III. — It would be of interest to know what range of 
(diromium and nickel and carbon contents was studied here, because of the possibility 
of the preseiK^o of high-tcmporature ferrite, which is known to lead to difficulties 
sometimes, although I believe not the type of difficulty shown by Mr. Hamilton; 
that is, not transverse outside checking. 

N. Hamilton. — All of the materials of this investigation contain a small amount 
of f(^rritc. This condition is confined to the core of the billet and has been assumed 
to be caused by a slight amount of nickel segregation, possibly the remnants of 
d(uulriti(‘. coring. Wo have boon led to believe that this condition is responsible for 
some inside trouble in piercing, but we have not associated it with the outside checking 
clis(JUHsed in the paper. From our observations we would say that the outside and 
inside (ionditions are not related and the inside trouble is not associated with oxy- 
gen content. 

As for analysis of the 18-8 materials, all were very uniform, with the ranges for 
chromium, nickel and carbon given in Table 4. The tendency for slightly higher 
chromium and lower nickel contents in the bad heats is explained by the fact that a 
number of the bad heats were made early in the investigation, when we did not fully 
realize the value of higher nickel-chromium ratios in reducing the amount of ferrite 
in the low-carbon alloy. 

* Director of Research, Mining and Metallurgical Advisory Boards to the Carnegie 
Institute of Technology. 

t Illinois Steel Co. 
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Table 4 . — Analysis of 18-8 Alloys 



Good Heats 


Had XIoiUh 


Average 

Max. 

Min, 

Average 

Mux. 

Min. 

Chromium, per cent 

17.77 

18.18 

17.14 

17.90 

18.42 

17,19 

Nickel, per cent 

9.10 

9.98 

8.48 

9.01 

9.62 

8.42 

Carbon, per cent 

0.056 

0.070 

0.042 

0.053 

0.072 

0.040 


A. B. KmzBL,* New York, N. Y. — It would be interesting to have Mr. Hamilton 
tell more about the method of taking samples from billets or tubes. 


N. Hamilton. — In sampling tube billets, say of 5-in. diainctc^r, it is noc^essary to 
include representative amounts of both core and rim material. It was found during 
the course of the work that a much more satisfactory sample could be obtained 
from a tube. 

A. B. Kinzel. — That raises the question as to whether or not tho high oxygen 
may be cause or effect. 

N. Hamilton. — I believe Dr. Herty mentioned that point a few days ago. Tlie 
answer is that so far as we can tell there is no oxygon pick-up in piercing for in a num- 
ber of cases we have found excellent agreement between the oxygon values of a hcai. 
both before and after piercing in tho case of both high and low-oxygen inatc^rials. 
In all cases, at least >16 in. is filed off tho surfaces in tho preparation of tho samplers. 

G. B. WATBEHOTjSEjt Cambridge, Mass. — There is just one very natural question 
that comes to a man who has been operating, and that is whotluT advantage is being 
taken of this wonderful correlation of research work with the results of practice, 
whether it is being put into practical operation and is of practical value in tho plant. 

N. Hamilton. — This work was originally designed to provide a method of plant 
control; however, it was found that a number of other steol defects wore encountorcul 
in this material that were not indicated by oxygon content, so that it became more 
practical to run pilot rollings of the material from each heat. This oxygen correlation 
therefore became an explanation for one particular typo of defect and not a completes 
answer to the problem of good piercing quality 18-8. Tho problem of manufacturing 
alloys of this type suitable for tube piercing wo have relegated to our steol sonnies 
and I might say that they do a very good job. It must bo remembered that tho data 
in the paper are a result of some six years of experience in tube fabrication and starts 
with some of the first heats made into tubes. 

S. L, HoYT,t Milwaukee, Wis. — I should like to ask Mr. Hamilton to give us his 
ideas on the mechanism whereby these amounts of oxygen or chromium oxide produce 
the effect. 

N. Hamilton. — I am afraid I cannot contribute very much in way of explaining 
the inechanism of the effect of high oxygen upon the ductility of these materials in 
piercing. It so happens that every theory that has been offered has obvious faults 
and the fact that this phenomenon occurs at extremely high temperatures, about 

* Metallurgist, Union Carbide and Carbon Research Laboratories, 
t Professor of Metallurgy, Massachusetts Institute of Technology, 
t Research Metallurgist, A. 0. Smith Corporation. 
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1200° C. (2192° F.) makes the experimental attack to the problem difficult. The 
examination of the inclusions present in these alloys at room temperature would 
indicate that some great change in state must occur at elevated temperatures in order 
to cause the observed results. 

S. L. Hoyt. — Would you be willing to say that it relates to the condition of the 
steel rather than to its cleanliness? 

N. Hamilton. — The results of the work have indicated that certain combinations 
of oxygen in the material do not affect the elevated temperature ductility in the 
piercing range. These combinations are presupposed from the knowledge of the 
oxide-forming elements present and have not been definitely established by analysis. 

S. L. Hoyt. — I think this discussion must suggest that people like Professor 
Waterhouse, who has had the exceptional opportunity of studying both the practical 
and academic work, might very well take up a problem like this as a fundamental 
study and might very well start with something as simple as pure iron, and go from 
there to some of the alloy steels. There is some very valuable, fundamental informa- 
tion relating to the manufacture and behavior of steels that is lacking, which our 
acad(imic research establishments might very well take up as research problems. 

F. N. Speller,* Pittsburgh, Pa. — We have a highly efficient organization in 
Pittsburgh under the Metallurgical Boards that are studying oxygen and its effects 
on steel, and I would suggest that Dr. Herty make a note of this interesting problem 
in connection with the proposed extension of this cooperative work that we are now 
considering. We have never felt it necessary to go to the length that they have in 
Germany in making heats in vacuum in order to eliminate all the gases. The trouble 
referred to occurs only occasionally, I think Mr. Hamilton will bear me out in that. 
I would like to ask Dr. Herty if he can predict how much dissolved oxygen there would 
bo present under these conditions. The application of these principles to the manu- 
facture of seamless steel tubing has materially improved the practice in recent years. 

C. H. Herty, Jr. — Dr. Speller has asked me a difficult question. The answer is 
no, we have not enough data on it. 


* Metallurgical Engineer, National Tube Co. 




Titanium and Columbium in Plain High-chroxniuni Stools 

By Frbdekick M. Bbcket* and Rttsbell Franks, t New York, N. Y. 

(Detroit Meetiixff, October, 1933) 

Widespread experimentation has been conducted in recent years 
to devise a means of preventing intergranular corrosion in austenitic 
chromium-nickel steels of the 18 per cent chromium-S per cent nick(^l 
type. Additions of titanium to these steels have been used commercially 
to overcome this difficulty, as advocated by Krupp of Germany, and 
the latest literature reference concerning improved details of this method 
is the article by Bain, Aborn and Rutherford.^ Extensive work by 
the present authors has shown columbium also to be a particularly 
valuable agent for inhibiting intergranular corrosion. 

This paper does not deal with steels that are largely or wholly aus- 
tenitic; it is limited to a discussion of the results obtained through the 
use of titanium and columbium in plain high-chromium steels. For many 
years titanium has been used commercially by some steelmakers as a 
cleanser, and to a lesser extent as a hardener, but then in great»cr per- 
centages. The results of the work to be described disclose that titanium 
and columbium in proper proportions act as effective softeners in the 
high-chromium steels. 

It is well known that chromium intensifies the hardening cffcjcl; of 
carbon in steel; it imparts pronounced air-hardening properties within a 
rather wide range of chromium content; it provides increased ductility in 
steels of given strength and hardness; and it enhances resistance to 
corrosion and oxidation at elevated temperatures to a marked degree. 
However, in applications requiring a combination of S(^me of those valu- 
able properties great hardness is frequently a detriment rather than a 
merit. When the objective is a soft and ductile stool having optimum 
corrosion resistance, the producer strives for a carbon content as low as 
commercially practicable. 

Despite these efforts some of the commercial high-chromium steels 
low in carbon present considerable difficulties during production, owing 
to their air-hardening properties, and in consequence the economic 
result is not favorable. A good example is found in the 6 to 6 per cent 
chromium steels employed chiefly in the oil-oracking industry. Steels 

* President, Union Carbide and Caihon Research Laboratories, Inc. 
t Research Metallurgist, Union Carbide and Carbon Research Laboratories, Truj, 

^ E. C. Bain, R. H. Abom and J. JT, B. Rutherford: Prevention of Intergranular 
Corrosion in Austenitic Stainless Steels. Trans. Amor. Soc. Stool Treat. (1033) 21, 
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containing appreciable percentages of chromium are sluggish in their 
l.hermal changes, and comparatively long periods are required for 
annealing. There are many applications in which the plain chromium 
steels would prove exceedingly useful if greater softness and more 
ductility could be obtained together with substantial freedom from 
air-hardening, all without sacrificing resistance to corrosion and oxidation 
at high temperatures. 

With the definite purpose of overcoming the air-hardening tendency 
and imparting other desired characteristics, an extensive investigation has 
been made by the authors in which different elements known to have a 
strong affinity for carbon have been alloyed with steels containing rela- 
tively small to large percentages of chromium. Columbium, tantalum, 
titanium, 2;irconium, vanadium, tungsten, molybdenum, and other 
elements have been added in suflScient proportions to combine with the 
carbon present in the steels; also, each element has been introduced in 
excess of this requirement in order to determine its effect on the iron- 
chromium solid solution. 

Of the metals employed as addition agents in this investigation 
columbium and titanium have proved the most efficacious. For the sake 
of brevity a few comments must suffice concerning the influence of the 
other metals. 

Tungsten and molybdenum additions inhibited air-hardening slightly. 
The carbides of these metals are fairly soluble in iron-chromium solid 
solul/ion, and on cooling from high temperatures these carbides precipitate 
in finely divided form, preventing the steel from becoming soft and ductile 
in the hot-rolled condition. Of course the high-chromium steels con- 
taining tungsten or molybdenum can be softened through proper anneal- 
ing, a fact true also of untreated plain chromium steels. 

Suitable proportions of zirconium, tantalum, and vanadium afford 
greater improvement than do tungsten and molybdenum, but certain 
practical disadvantages must be considered. Approximately twenty 
times as much tantalum as carbon is required in the steels for satisfactory 
results — a cost unwarranted commercially. Vanadium must be used 
in a ratio of about fifteen to one of carbon, but this relatively high per- 
centage decreases the resistance of the steels to oxidation at high tem- 
peratures. It is true also that zirconium is required in relatively large 
percentages to sufficiently diminish air-hardening, but the large addition 
introduces undesirable proportions of silicon into the steels, if the rela- 
tively inexpensive zirconium alloys are employed. 

The results obtained through additions of titanium and columbium 
were decidedly interesting — indeed, they were surprising. Titanium 
should be present in a ratio of five to seven times the percentage of carbon, 
and for columbium a ratio of eight to ten is required. Although it should 
be understood that smaller ratios afford some improvement, large excesses 
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of titanium and columbium over the recommended ratios bring about 
detrimental effects through hardening of the solid solution of iron 
and chromium. 

One of the marked characteristics of the plain high-chromium steels 
containing titanium or columbium is the facility with which they may 
be hot-worked, a result of freedom from the air-hardening tendency. 

The physical properties of some of the wrought steels containing 
titanium are presented in Table 1. It should first be observed that in the 
as-rolled condition the low-carbon steel containing about 3 per cent 




Fig. 1. — Critical-point determinations, showing influence of titanium on 

CHROMIUM steels. 

a. This steel contains 6.66 per cent chromium and 0.10 per cent carbon. The Aci 
point is at 803® C., while on cooling the Ari point is not reached until the temperature 
drops to 436® C., showing that the steel air-hardens. 

0 . This steel contains 6.93 per cent chromium, 0.13 per cent carbon, and 0.90 
per cent titanium. The addition of the titanium has raised the Aci point to 898® (1, 
while the Ari change is completed when the temperature falls below 841® C, This 
curve explains the effect of titanium in reducing air-hardening properties. 

chromium is comparatively ductile and soft, whereas by reason of air- 
hardening the 6 per cent chromium steel is relatively hard and con- 
siderably less ductile. Here emphasis should be laid on the marked 
difference in physical properties between the untreated (substantially 
titanium-free) and the titanium-bearing steels, both in the as-rolled 
condition. As an example, the ductility and softness of the 6.41 per cent 
chromium steel containing 0.11 per cent carbon and 0.76 per cent titanium 
are not approached in the as-rolled condition by a steel of similar analysis 
without titanium. The commercial value of this difference need not 
be emphasized. 
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The properties of the titanium-bearing steels can be further improved 
through annealing at temperatures between 700® and 900° C. ; and, to 
stress a point of practical importance, this may be accomplished by 
holding the steels for only a few minutes at temperatures approaching 
the upper limit of this range. Annealing at temperatures much above 
900° C. greatly decreases the toughness, although the steels are not in 
this way appreciably hardened. 

Similar results are shown in Table 1 for the low-carbon titanium- 
treated 12 to 14 per cent chromium steels. The effectiveness of titanium 
is particularly demonstrated in the two 13 per cent chromium steels 



Fig. 2. — (vKiticaiw-point determinations, showing influence op titanium on 

CHROMIUM STEELS. 

a. This stool contains 13.17 per cent chromium and 0.12 per cent carbon. The 
A(ii point oc.curs at 8.22® 0. but the change on cooling does not complete itself until 
a temperature of 306® 0. is reached. 

b. It is ini.('.resting to note that by the addition of 0.72 per cent titanium to a steel 
containing 0.14 p(5r cent carbon and 12.37 per cent chromium, the critical changes on 
heating and cooling from temperatures as high as 1019® C. are eliminated for practical 
purposes. 

containing respectively 0.34 and 0.58 per cent carbon. These examples 
are cited for their interest, but it should not be inferred that the full 
titanium treatment is advocated for chromium steels so high in carbon. 

Table 3 gives the figures obtained from titanium-bearing steel plates 
of in. thickness containing 6 and 13 per cent chromium. These 
plates were rolled in a commercial mill from 4 by 4-in. billets, which 
were forged from 6 by 6-in. ingots. 

The influence of titanium on the 5 to 6 per cent and the 12 to 14 per 
cent chromium steels is explained by the graphs in Figs. 1 and 2, repre- 
senting critical-point determinations. 



— Physical Tests on Plain Chromium Steels Containing Titanium and Colu7nhium 

Standabd Test Pieces Taken from 1-in. Round Bars 
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Table 2 . — Physical Tests on 18 and 26 Per Cent Plain Chromium Steels Containing Titanium and Columhium 

Standard Test Pieces Taken from 1-ix. Roend Bars 
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Table 3 . — Physical Tests on Plates of 6 and 13 Per Cent Plain Chromium Steels 

Rolled in Commercial jMill 
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Rockwell 

B 

Hardness 

86 

63 

88 

63 

Brinell 
^ Hard- 
ness 

128 

112 

126 

112 

Izod 

Impact, 

Ft-lb. 

69 

I 74 
i 28 

51 

Red. 
of Area, 
Per Cent 

OO GO O O 

CO CO CO l> 

Elongation, 

: Per Cent 

1 in 2 In. 

i 

34 

37 

35 

34 

ij; m Si d 

66,100 

67,100 

66,000 

59,400 

Yield 
Point, 
Lb. per 
Sq. In. 

39,800 

34,200 

44,300 

36,000 

Condition of Metal 

As roUed 

Heated at 900° G. 10 mia. 

and air-cooled 

As rolled 

Heated at 900° C. 10 min. 
and air-cooled 

Si. 

Per 

Cent 

0.39 

0.19 

Mn. 

Per 

Gent 

0.56 

0.46 

Ti. 

Per 

Cent 

98*0 

06* 0 

c. 

1 Per 
Cent 

CO rH 

tH tH 

d d 

Or. 

Per 

Cent 

CO 

03 CO 

d CO 

T-t 


In Fig. 1 the left-hand graph reveals 
that the critical change on heating occurs 
at 803® C. in the untreated 5.50 per cent, 
chromium steel. On cooling the same 
steel the Ari point is reached only when 
the temperature drops to 436® 0. The 
right-hand graph depicts the result of 
heating the titanium-treated 5.93 per cent 
chromium steel to 1000° C. and cooling 
it therefrom. It should be noted that 
the Aci point is raised from 803® to 898° 
C., whereas on cooling the Ari change is 
completed at 841® C. The difference 
between the graphs explains the non- 
hardening ability of the tii,anium-treatcd 
steels. Furthermore, the graphs reveal 
that heating for a few minutes at 900® 0, 
followed by air-cooling provides the 
annealing treatment most advantagcjous 
for the steel containing titanium. 

The results of critical-point deter- 
minations on l,itanium-i/roated and 
untreated 13 per cent chromium steels 
are plotted in Fig. 2. Again it should be 
observed that the changes occur in the 
untreated steel over a wide range of tem- 
perature, whereas the presence of 
titanium practically eliminates the 
change points that normally occur on 
heating and cooling the 13 per cent, 
chromium steels from temperatures up to 
about 1000° C. 

Metallographic examination provides 
useful confirmatory information. The 
photomicrographs of Figs. 3 and 4 show 
that the hot-rolled, untreated 5.44 and 
13.60 per cent chromium steels possess 
structures of the martensitic type. 
Annealing for 4 hr. at 750® C. modifies 
these structures, the carbides coalescing 
to larger particles. Heating the same 
steels to 900® C. and air-cooling renders 
them substantially martensitic, relatively 
hard and brittle. The decided difference 
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in structure induced by the introduction of titanium is clearly shown in the 
associated photomicrographs. Chromium ferrite and carbides are the 
principal constituents and represent a type of structure not appreciably 



Fig. 3. — Fffeijt of titanium and columbium on structures op 5 per cent 

CUROMIUM STEELS. 


a. 6.44 per cent chromium, 0.10 per cent carbon steel as hot-rolled. 
h. Same steel after 4 hr. at 750° C. and air-cooling. 

c. Same stool air-hardened from 900° C. 

d. 5.44 per cent chromium, 0.11 per cent carbon, 0.78 per cent titanium steel as 
hot-rolled. 

e. Same steel after 4 hr. at 750° 0. and air-cooling. 

/. Same steel after 10 min. at 900° C. and air-cooling. 

g. 5.62 per cent chromium, 0.10 per cent carbon, 1.04 per cent columbium steel 
as hot-rolled. 

h. Same steel after 4 hr. at 750° C. and air-cooling. 

i. Same steel after 10 min. at 900° C. and air-cooling. 

All X 300. 

changed by heating to temperatures even as high as 1000° C. Does it not 
seem reasonable to conclude from the foregoing that the carbides formed 
by the addition of titanium or columbium are not sufficiently soluble in the 
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iron-chromium solid solution to form austenite? Indeed, it has been 
determined through experimental work that these carbides are almost 
completely insoluble in the solid solution. 



Fig. 4.— Effect of titanium and columbium on STitucTURBS of 13 and 18 fer 
CENT chromium STEELS. 


а. 13.60 per cent chrominm, 0.13 per cent carbon steel as hot-roiled. X 300. 

б. Same steel after 4 hr. at 750° C. and air-cooling. X 300. 

c. Same steel air-hardened at 900° C. X 300. 

d. 12.32 per cent chrominm, 0.14 per cent carbon, 0.72 per cent titanium Htcel as 
hot-rolled. X 100. 

e. Same steel after 4 hr. at 750° C. and air-cooling. X 100. 

f. Same steel after 10 min. at 900° C. and air-cooling. X 100. 

g. 18.29 per cent chrominm, 0.06 per cent carbon steel after 4 hr. at 750° i). and 
air-cooling. X 100. 

18.65 per cent chromium, 0.13 per cent carbon, 0.78 per cent titanium sicud after 
10 mm. at 900° C. and air-cooling. X 100. 

i. 18.23 per cent chromium, 0.12 per cent carbon, 1.18 per cent columbium steel 
after 10 min. at 900® C. and air-cooling. X 100. 

Table 2 gives the results obtained from treated and untreated low- 
carbon 18 and 26 per cent chromium steels. It is well known that 
although these plain chromium steels are not of the hard variety after 
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hot-rolling, low ductility is characteristic; furthermore, it is known that 
comparatively long annealing periods are required to improve their 
ductility. A significant effect of the titanium addition is again brought 
out; because, in addition to the softness of these steels in the hot-rolled 
condition, the annealing period required to further improve the properties 
is of short duration, and the steels finish with greater ductility and 
softness than those lacking titanium. Photomicrographs of annealed 
18 per cent chromium steels with and without titanium and columbium 
are shown in Fig. 4. A discussion seems unnecessary in view of the 
structures described for the lower chromium steels containing titanium. 

All these steels have been subjected to the generally accepted corro- 
sion tests. The results disclose that in steels containing less than about 
12 per cent chromium an appropriate addition of titanium augments 
the resistance to oxidizing media. Less pronounced in this respect is the 
effect of titanium in the higher chromium low-carbon steels, no doubt 
because they are inherently more resistant under oxidizing conditions. 

Tests have been conducted under atmospheric conditions embracing 
titanium-treated and untreated low-carbon 5, 6, 7.5 and 9 per cent 
chromium steels. These samples and others of the higher chromium 
groups have been exposed for a long period of time. Briefly, the most 
important feature uncovered by these tests is that through the agency of 
titanium there appear interesting commercial possibilities for a steel 
containing 7 to 9 per cent chromium — a steel not completely resistant to 
staining but nonetheless one which affords a great measure of protection 
against progressive rusting. Even without annealing, the combined 
properties of steel of this class are such as to indicate numerous 
commercial applications. 

The various groups of plain, high-chromium steels discussed in this 
paper arc all employed commercially at elevated temperatures. For this 
use the advantages accruing from the addition of titanium are most 
prominently developed in the steels of the lower chromium varieties. 
Taking the single case of exposure to 750® C., it is observed from Fig. 5 
that titanium considerably increases the resistance to oxidation of the 
5 to 6 per cent chromium steel. Weekly removal of the scale is unfavor- 
able to titanium in the relationships shown, but this method presented 
opportunities to observe that titanium-treated steels of this class have 
a more adherent scale. Moreover, these titanium-treated steels retain 
their toughness after relatively long periods at temperatures up to 650® C., 
the highest temperature at which the toughness tests have so far 
been conducted. 

The accuracy of creep-testing methods is still under rigorous investi- 
gation and discussion, and probably the 4 to 6 per cent plain chromium 
steels containing additions of molybdenum and tungsten played a leading 
part in raising the controversy. Therefore the following data are pre- 
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sented with reservations, realizing that additional work should be per- 
formed. In creep tests at 538“ C. a titanium-treated 5.93 per cent 
chromium steel withstood a load of 10,250 lb. per sq. in. without creeping 
more than 1 per cent in 10,000 hr. The addition of 0.50 per cent molyb- 



Time , hours 

Fig. 5. — Results of oxidation tests on titanium-tkeated and untkwatkd 
CHROMIUM STEELS AT 750° C). 

denum or 1 per cent tungsten had little influence on the creep strength of 
the metal at this temperature. 

Plain low-carbon 18 per cent chromium steels continue to render exetd- 
lent service in many applications. An improvement greatly desired is 


Table 4 . — Tests on 18 Per Cent Plain Chromium ISteel t^trip Containinij 

Titanium 


Cr, 

Per 

Cent 

C, 

Per 

Cent 

Ti, 

Per 

Cent 

Condition of Metal 

RookwoU 

B 

Value 

Krioilmen 

Value 

18.65 

0.11 

0.65 

As hot-rolled 0.080-in. strip 

90 





Heated at 900® C. 10 min. and air-ooolod . . 

78 





Cold-rolled from 0.08 to 0.04-in. thick strif) 
0.04-in, strip heated 10 min. at 750° (1 and 

99 

6.8 




air-cooled 

0.04-in, strip heated 10 min. at 850° (1 and 

77 

10.5 




air-cooled 

74 

10.5 




0.04:-in. strip heated 5 min. at 900® C, and 

air-cooled 

0.04-in. strip heated 2 min. at 1000° C. and 

73 

11.0 




air-cooled 

74 

10.9 


increased softness and amenability to deep-drawing operations, particu- 
larly by the fabricator, and the addition of titanium to this steel assists 
considerably in this direction. Some of the properties of titanium-bear- 
ing steels of this class are shown in Table 4. 
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Admittedly all these titanium-containing plain chromium steels 
present difficulties in welding similar in some respects to those often found 
in the welding of 18 per cent chromium-8 per cent nickel steels contain- 
ing titanium. Realization of this problem afforded the stimulus for 
intensive experimental work in welding the new steels here described. 
That the experiments are yielding very encouraging results is all that 
should now be stated. 

Titanium has dominated the foregoing description. However, it 
should be emphasized that all the beneficial effects obtained by this 
element have been secured also through the addition of columbium, a 
metal which in the form of a ferroalloy can be incorporated with 
high recovery under good melting practice appropriate to the high- 
chromium steels. 

Considering the results of the experimental and commercial work 
performed it seems reasonable to conclude that titanium or columbium 
will permit the introduction of a new chromium steel and so facilitate 
the production of the plain high-chromium steels as to broaden their field 
of utilization. 
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DISCUSSION 

{John Johnston j)resi(lmg) 

V. N. Kiuvobok,* Pittsburgh, Pa. — Mr. Pranks, in presenting the paper, stated 
that there are two sides pertaining to this work, one of the possible commercial uses 
and applications, and the other of a purely theoretical nature. I shall not attempt 
to discuss the first r)hase, but there are several questions of theoretical nature which 
are of much interc^st to me. My discussion should bo interpreted as mere suggestions, 
and, then^fore, absolutely devoid of the spirit of criticism. 

I have done a fairly largo amount of work on this class of steels, especially in 
the held of phase changes, using the dilatomctric method, supplemented by micro- 
scopic studies. Knowing the importance of certain details of procedure, I was some- 
what disturbed when I failed to find in the paper the rates of either heating or cooling 
operations xised to determine the temperatures of phase changes. And furthermore, 
l5r. Bocket and Mr. Pranks state (p. 128 ) that the reaction on cooling went to comple- 
tion. I beg to be allowed to disagree with the last statement. I have repeatedly 
found that in alloys of this general type the reaction goes to completion only under 
rather unusual experimental conditions. The position of phase change on simple 
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cooling is altogether a question of rate, together with other oxpc^rirtieiital (anaiin- 
stances. From the paper I find that critical points for 6 per cent chromium (Fig. 1 ) 
and for 12 per cent chromium (Fig. 2) can be placed approximat(‘ly a-t. 400“ to 43(>“ ( 
for the former and 300“ C. for the latter. The same reaction can be (and was) iTiade 
to take place at a much higher temperature if the rates of cooling an^ only 0° (\ pc^r 
ininute— not an extremely slow rate. Consequently, the figures that Mr. I<’’rauks givers 
indicate a rapid rate of cooling, with the almost certain conclusion that t.he reaction 
is far from being completed. 

I was also very much interested in the appearance of the dilation curve for 
alloy of 6 per cent chromium given in Fig. 16. That curve shows that, tlu^ licat.ing 
and cooling curves intersect each other. Three possibilities may be (mtertained: 
(1) that something went wrong with the apparatus, and I trust, that th<^ aut.hors will 
forgive me this suggestion since I know only too well how easily siudi things can 
happen when one works with the dilatometer; (2) that the curve was takc^u from t,h(' 
sample in hot-rolled condition; and (3), intimately connected with numlx^ 2, tJuit 
some reaction is taking place on cooling, and needs to be studicul. If I may sugg(%st, 
careful experiments on holding alloys within certain ranges of temporat\ir(‘. will 
indicate whether or not the observed abnormality is cxpcrimcni.al error or t.h(‘, r(‘.al 
state of affairs. 

The curve for 13 per cent chromium alloy containing titanium is very typi(‘.al 
of that of low-carbon, low-nitrogen 18 per cent chromium. Wo know f>y this i.im<^ 
that nitrogen has a definite effect, not only on the phase changes, that is, on the 
temperature of the critical points, but also on the properties of this typ(^ of st(^(4s. 
And this consideration brings immediately to my mind the (puustion of advisil>ility 
of including in the chemical analysis the figures for nitrogen con<.(ud.. Also, tli(‘. 
analysis for nickel should be very desirable, because in sto(4s (sontaining citluT 13 
or 18 per cent chromium, even slight difference in ni<5k(4 content, ltd; us say 0.25 
as against 0.50 per cent, has a definite influence — and I feel (put(‘. sab^ in staling it- 
not only on the temperatures and magnitude of the i)hase changes b\it of cours(‘ 
on the properties of the metal as well. I happen to kiu>w that the int.(^r(*st in this 
paper runs very high and that there arc in the audience several gentl(un(sn (h^sirous 
of discussing it. So I shall curtail my remarks. May I state once mor(^ l.liat l.b(‘S(^ 
remarks are offered in the friendly nature of suggestion and not at all a.s c.ritic.isrn. 
I fully appreciate how difficult it is to present a new subject of sxich l)road intc^n^st in, 
necessarily, a comparatively short paper of this sort. 

W. B. Arnbss,* Baltimore, Md. — The present wide discussioii of thc^ (‘.ff(^c.t of 
titanium and columbium on the 18-8 alloy has made the prescititation of this pape^r 
most timely. The authors are to bo sincerely congratulated for having developcul 
these most interesting new data. 

The authors treat their subject briefly, and do not deal at length with the funda- 
mental metallurgy of their titanium-bearing alloys. Howevc^r, the impn^ssion is 
gained that the authors have added a constituent to the iron-chromium alloys which 
has fixed the carbides in a stable form throughout the usually cm ployed heat-tnuiting 
temperature ranges. Thus we have in effect an iron-chromium alloy which b(‘hav(‘.s 
as we might suppose the ordinary alloy should behave if it were cari)on-fr(‘.e. 

The paper strikes me as being incomplete, and I am thus encouraged to ask thes 
authors if they cannot supplement it somewhat. The work no doubt is wcil 1 supported 
by experimental evidence, so that we can accept the summarized findings as pr(iS(mt(ui. 
However, it is surprising to me that titanium carbide in the iron-cliromium alloys 
should be spontaneously formed in such a stable form without any d<4iborat<J heat 
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ircatTnoni, as is suggested hy Fig. 4rZ. That photograph is of the 13 per cent chromium 
alloy in the hot-rolled condition. It shows a large-grained equiaxed structure which 
is not what we usually obtain in hot-rolling small bars. More often some distortion 
of the grain due to rolling strains is evident. In fact, all of the figures d, e and / of 
t.his 13 i)er (‘,onfc chromium alloy are exactly what one might expect from a 17.0 or 
18.0 per cent chromium alloy liaving extremely low carbon, and, as Dr. Krivobok 
mentioned, low nitrogen content. They really bear a striking resemblance to figures 
h and i just below them, which do represent the 18.0 per cent chromium alloy. There 
is so very little difference between those five photographs that one is much impressed 
with this visible evidence of the effect of titanium, especially on the 13 per cent 
chromium alloy. 

It would also be interesting, as Dr. Krivobok suggested, if we could have a more 
complete analysis. I would presume from the nature of the data that the nickel is 
(pate low. We can probably also assume that the silicon is within commercial limits, 
pro])ably quite low. However, that might depend somewhat on the nature of the 
titanium alloy used. An analysis for aluminum would be interesting. That also 
might (hqxmd on the type of alloy used for adding titanium. Nitrogen we assume 
should probably be fixed by the titanium in the form of titanium nitride, thus taking 
it out of the alloy for all practical purposes, at least in so far as it would 
aff(xit strvKd.ural changes. 

From reading the paper one might gain the impression that the effect of titanium is 
to render the iron-chromium alloys, at least the 13 and 18 per cent chromium alloys, 
rather coarse grained, low in hardening ability, lacking in the usual structural trans- 
formations. Also, (widcncc is presented that these alloys possess improved ductility 
and heat resistance. This is indeed interesting, because it is common experience that 
otlu^r additions, as for instance small amounts of nitrogen, have exactly opposite 
(^ffecit and yet produce much the same result. The effect of nitrogen is to refine the 
grain, increase harden ability, retard grain growth and decarbonization. Its net 
result on thc^ alloy is to improve ductility as for deep drawing, and improve heat 
resistan<X5. A further elaboration of tlio data presented in the paper would, no doubt, 
do much to clarify and harmonize these points. 

As for the low hardness and low tensile strength values recorded in the paper, 
these properties can be approached by merely lowering the carbon of the 13 per cent 
(shromium alloy to about 0.06 or 0.06 per cent, and holding the nitrogen very low. In 
this way, wo can pull the hardenability down from a normal figure of 375 to 400 
JJrinell to about 276 to 300 Brinoll maximum, and so without any addition — on the 
contrary, merely by subtracting carbon — wo can actually produce a similar effect 
on th<5se alloys. 

Some of the reported liardnoss values bother me a little because the Brinell and 
Roekw<dl comparisons do not appear at first glance altogether consistent. In Table 3, 
for instancci, 126 Brinell corresponds to 88 Rockwell B. I have been accustomed to 
(compare Rockwell 88-B with 170 Brinell or higher. Of course, conversion of Rockwell 
to Hrimdl is not particularly consistent or satisfactory on these alloys, anyway, and 
tiio peculiar stnicturos shown may explain this discrepancy. 

Again, in Table 4, the figures for strip arc normal for ordinary strip of 18 per cent 
chromium alloy. We often obtain hot-rolled strip that shows 90 Rockwell B. Simi- 
larly, after cold rolling, Rockwell 99-B represents about the maximum hardness 
obtained. Sometimes tlic hardness may go up to 103 Rockwell B, but this is not 
substantially harder than shown in the table. 

The figures for annealed strip are normal also (Table 4). We can go down to 73 
and 77 Rockwell B without difficulty, although the heat treatment used by the 
authors is somewhat unorthodox, suited no doubt to the unique nature of these 
new alloys. 
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Erichsen values reported by the authors are rather hip;h in sotuo cases, hut it would 
be helpful if the gage of the material were mentioned as well. 

From the data presented, the impression might b(^ gained that the 13 jxw e.ent 
chromium alloy with titanium resembles closely in structural heliavior and <^v(‘n in 
physical properties the normal 17 or 18 per cent chromium alloy, thus taking il, entin^ly 
out of the class of the very useful 12 or 13 per cent chromium alloys. In fac.t, t,h(^ r{uig(^ 
of analysis between say 0.05 to 0.15 per cent carbon, and 11.5 to 14.5 p(‘r (uml, 
chromium, comprises not one alloy, but a whole scries of alloys, and there is mucli that 
we can still do in altering the usual recognized physical properties of this seri(\s of 
alloys by changing their analyses within these limits. Tims many spocial-puri)os(^ 
alloys may still be produced approaching on the one extreme low strong!, h and low 
hardness, and on the other high strength and high hardness, without doirig mor(‘ than 
to juggle the proportions of the constituents present in the standard alloys. 

I do not agree wuth the authors that the iisual annealing treatments for !,h(', iron- 
chromium alloys arc difficult or involved, and they certaiidy are not, unusually 
expensive. This point may have some significjince when it is r('aliz(‘d thatr t,h(^ 
properties of the 13 and 18 per cent chromium alloys discussed by (rhe aut.liors may h<‘. 
approached without having recourse to special additions, and th(^ nominally highc'r 
strength and hardness possessed by the fully annealed standard alloys must h<^ 
balanced against the difficulty and expense of making spechal additions. 

The results reported in the paper are most interesting, and much mon^ start, ling 
than we might expect through making the more ordinary modilications to th<‘ st.andard 
analyses. The paper clearly demonstrates that there is a pronounc(‘d (ifT<‘ct from t.h(‘ 
use of titanium and columbium, and I clearly recognize that the value*, of these addi- 
tions may be justified many times through experience as wo conuj t,o know t,h(‘m Ix^tttw. 
At the present time, though, my personal inclination is to 1x5 a littl(5 hi!, (x>ns(‘rvativ(‘, 
and to withhold any opinion until a fuller knowledges of these alloys is available'. 

L. ScHApiRO,* Chicago, 111. — Essentially these are iron-c.hromiiim solid solutions 
without the attendant structures due to carbides. The changes in !he Ai point-s 
shown by the dilation curves can be explained on the basis of piir(5 iron-chromium solid 
solutions. So that we might think of the addition of titanium and (jolumbiiim as 
producing a material free from poarlitc, whereas without such additions tlx' st(x*l 
would be pearlitic. Although the authors do not indicate that t.bey are th(5 innovators 
of this material, since this is, to my knowledge, the first tcclinical pap(ir on this subject 
we might look to them as such; and I want to make this particular point. I distiiu'.tly 
recall having in my files a copy of a patent issued 5 or 6 years ago to Profe^ssor Matlio- 
sius in Germany covering the use of a titanium addition to simple stcic^ls to mak(5 them 
pearlite free. 

F. M. Beckbt and R. Franks (written discussion). — Dr. Krivobok’s (Comments 
are greatly appreciated. Detailed information concerning the i)rocedur(5 (5inploy<j<l 
in conducting the critical point determinations was not included in the pap( 5 r for the 
sake of brevity. The determinations were made in a Roekwoll dilatonu'ler (model 
LA) on annealed samples of the different steels machined from 1-in. round bars to a 
length of 2 in. The hot end of the thermocouple was inserted in the ceiiter of the 
specimens. The individual samples were heated and cooled at the rate of 0® (1. pew 
minute, and the curves were obtained through the use of automatic equipment; also, 
the temperatures were recorded automatically. That each sample was i rives tigai-cxl 
under approximately the same conditions is the important fact. We have no exrdaiia- 
tion for the fact that on heating and cooling the curves of Fig. \h intersected each other 
in the vicinity of 500® C. 
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Dr. Krivobok’s criticism with reference to the statement that the reactions on 
cooling went to completion needs explanation. Wo realize that it is difficult to deter- 
mine when such reactions fully complete themselves in steels of this type. The point 
in making this statement was merely to emphasize that the changes occurring in the 
titanium-containing steels took place at higher temperatures on heating and cooling 
than those taking place in similarly treated chromium steels without titanium. 

His statements in regard to the effect of slight differences in nickel and nitrogen 
contents are answered by the analyses of Table 5. 


Table 5. — Analyses of Various Heats 



Heat SH-7 

Heat SH-17A 

Heat 236 

Heat B-306 

(Chromium 

5.56 

5.93 

13.17 

12.37 

Manganese 

0.52 

0.56 

0.56 

0.58 

Silicon 

0.32 

0.39 

0.38 

0.41 

Nickel 

0.06 

0.07 

0.27 

0.09 

C'arbon 

0.10 

0.13 

0.12 

0.14 

Titanium 


0.90 


0.72 

Aluminum . 

Less than 0.01 

0.09 

Less than 0 . 01 

0.06 

Nit.rogon 

0.012 

0.006 

0.031 

0.027 


These show that the compositions of the steels are sufficiently comparable to 
seciire the effect of titanium. The small amount of aluminum in the steels from heats 
Sri-17A and B-305 was incorporated in the metal through the ferrotitanium addition. 

The (‘<otnments by Mr. Arness relating to the incompleteness of the paper seem a 
little too severe. More than 100 stools containing different percentages of chromium, 
carbon, titanium, columbium, and other alloying elements were made and tested 
(luring this investigation. However, some of the technical societies having requested 
authors to i)r<\s(mt their data as briefly as possible, we frankly admit an attempt at 
brevity in writing the present paper. 

Mr. Arness' statciticnts regarding the low hardness and low tensile strength 
values nicordod in the paper arc quite true. We realize that in hot-rolled 13 per cent 
chromium stcicls (‘.ontaining 0.05 or 0.06 per cent carbon, Brinell hardness values of 
275 to 300 are obtainalfle, but the stool will exhibit relatively low ductility. If the 
same steed is trcatcKl with sufficient titanium or columbium to combine with the carbon 
pn^semt, tlie metal will give a Brinell number in the vicinity of 128, accompanied by 
c.onsiderabh^ ductility. These properties are further enhanced by annealing the steel 
(*, ontaining titanium for only a few minutes at 900° C., which is not true in the case 
of the plain 12 to 14 per cemt chromium steel. This is one of the major points of the 
pap<'T, and Mr. Arness' inference that altering the compositions of steels containing 
11.50 to 14.50 per cent c-hromium and between 0.05 and 0.15 per cent carbon will 
yield st('.els wit/h similar properties to tliose secured by adding titanium or columbium 
is (erroneous. 

Mr. Arness s(icms to think that the Brinell and Rockwell B hardness values given 
for the (liff(irent stools are inconsistent. These wore the values actually obtained on 
the steeds and there is no evidence poinfcing to the fact that they are incorrect. The 
Drichsem values rcjportod were secured on sheet ranging in thickness between 0.036 
and 0.039 in. The aluminum, nitrogen, and nickel contents of these steels have been 
answered in tlui reply to Dr. Krivobok's discussion. 

It seems certain that Mr. Arness misconstrued the statements in the paper concern- 
ing the annealing of the iron-(‘-hromium alloys. We specifically stated that the 
chromium steels containing titanium could be annealed in a relatively short period at 
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somewhat higher temperatures than those ordinarily omployod for the plain high- 
chromium steels. Take, for example, the 5 to 6 per cent (diroiniinn are 

used at present in commerce. After hot rolling, a period of several hours is r(M|uir(',d 
at the proper annealing temperature, followed by slow cooling, tiO ohtjuii the (hssired 
ductility and toughness. However, if the same steel is treated with siilhek'nt ti t,aniuni 
or columbium to combine with the carbon present it may l)e made soft(T and more' 
ductile than the untreated steel, by annealing for only 5 or 10 min. at Umiperatun's in 
the vicinity of 850° to 900° C., followed by either rapid or slow cooling. A similar 
annealing treatment is suitable for other high-chromium steels (containing t.luc propcer 
proportions of titanium, and our belief is that such a treatment is more e<conomi(*al 
than one requiring long holding periods at somewhat lower tempccrat.uncs. 

Mr. Schapiro states that 5 or 6 years ago a patent was issued to Processor Matlus 
sius in Germany, covering the addition of titanium to simide (carbon st(‘(cls to mak(c 
them pearlite free. Wo are familiar with a patent issued to Processor Math(‘sius in 
which it is stated that through the use of titanium st(cel with superior (clasl i(city (cjin b(c 
secured, and to obtain this result titanium is added to praetie.ally earbon-fn^c iron. 
Thus Professor Mathesius' object was to obtain the hardening elf(i(ct of tit,anium on 
ferrite, while the present goal is to inhibit the hardening effec.t of carbon on a 
chromium-bearing ferrite by combining the carbon present with titanium. 



Effects of Columbium in Chromium-nickel Steels 


By Frederick M. Becket* and Russell Franks, t New York, N. Y. 

(New York Meeting, February, 1934) 

In a recent article,^ which described the softening effect of columbium 
in plain high-chromium steels, the authors stated that their investi- 
gations had shown columbium to be also a particularly valuable inhibitor 
of intergranular corrosion in steels of the 18 per cent chromium, 8 per cent 
nickel type. It is the purpose of the present paper to record some of the 
results obtained through the introduction of columbium to the austenitic 
chromium-nickel steels. The damaging effects of this type of corrosion 
have become so widely known as to restrict considerably the applications 
of the steels under consideration, and therefore there is little question of 
the importance of the goal to be attained. 

Numerous contributions concerning the susceptibility of the aus- 
tenitic chromium-nickel steels to intergranular corrosion have appeared 
during the past few years, and among others who have dealt construc- 
tively with the subject are such well-known authors as Strauss and 
Ploudrcmont of Germany, Hatfield of England, and Bain in the United 
States. Different theories have been propounded as to the cause of 
intergranular corrosion, and various remedial measures have been 
proposed, the majority of which involve the use of addition agents. 
Titanium is the addition agent at present most generally employed, as 
suggested by Houdremont and modified as described by Bain, Aborn 
and Rutherford.® 

Little has been published on the effects of holding these steels for 
long periods at the relatively lower temperatures in the presence of 
corroding media, and tile effects have not been fully realized by producer 
and consumer. 


Manuscript received at the office of the Institute Dec. 1, 1933. 

* President, Union Carbide and Carbon Research Laboratories, Inc. 
t Research Metallurgist, Union Carbide and Carbon Research Laboratories, Inc. 

1 F. M. Becket and R. Franks: Titanium and Columbium in Plain High-chromium 
Steels. A.I.M.E, Tech. Pub. 506 (1933). 

2 E. C. Bain, R. H. Aborn and J. J. B. Rutherford: Nature and Prevention of 
Intergranular Corrosion in Austenitic Stainless Steels. Trans. Amer. Soc. Steel 
Treat. (1933) 21 , 481-509. 
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EFFECTS OF COLTJMBIUM IN CHROMIUM-NKJKEL STEELS 


In the investigation under consideration a large number of plain 
chromium-nickel steels having various proportions of chromium, nickel 
and carbon have been tested. Furthermore, many steels of this class 
have been tested in which columbium, tantalum and nximerous other 
elements have been incorporated. All these steels have been held for 
long periods in the range between 300° and 900° C. and followed by 
testing in a boiling solution containing 6 per cent copper sulfat,e and 
10 per cent sulfuric acid. Some of the corrosion tests also involved 
boiling in a solution of 65 per cent nitric acid. The effect of sirtiilar 
heat treatments on the physical properties of most of these st;(ieLs was 
also studied. 


Table 1. — Tests on Plain Chromium-nickel Steels of Varj/ing Compositions 
(All samples quenched from 1150° (t before t(‘sl<irigj 


Cr,® Per 
Cent 

Ni, Per 
Cent 

C. Per 
Cent 

Appreximnte TemperaturoH 
■witnin EanKo 300*-86()® CJ. 
that Cause yubaoquont Dis- 
inte«ration in BoilinK Afsidifiod 
Copper Sulfate, DeK. C. 

Approximate TotnneraturoH 
within Uaiitfe 300^ sno® (X 
that Cause DecreaHe in Ijsod 
Impact ValucH, Deg. i). 

12.74 

6.27 

0.03 

400 to 550 

Not t(‘st(id 

12.82 

12.80 

0.04 

400 to 550 

Not t(^Kt(ul 

12.52 

25.44 

0.05 

400 to 550 

Not t<‘Ht(Hl 

18.23 

8.49 

0.04 

400 to 550 

Not t(“Kt(’(l 

17.47 

9.27 

0.07 

400 to 650 

(ifiOi- to 8.50 

18.45 

8.66 

0,12 

400 to 750 

.560" to 850 

18.40 

9.37 

0.19 

400 to 750 

5.50 to 8.50 

18.37 

14.12 

0.09 

400 to 550 

660" to 860 

20.42 

11.87 

0.09 

400 to 550 

060" to 850 

22.25 

15.06 

0.04 

475 to 650 

Not touted 

22.32 

20.38 

0.05 

475 to 550 

750 to 8.50 

27.32 

25.19 

0.07 

475 to 550 

Not toHtod 


“These steels also contained normal amounts of mangatUiHe, silicon, ph()Hj)horuH 
and sulfur. 


^ Holding for the same period at temperatures near the lower limit of this ranges 
causes only a slight decrease in toughness. 


The reason for describing in this paper only the effects of columbium 
resides in the finding of the authors that all things considered 
this element offers the most satisfactory solution of the intergranular- 
corrosion problem. 

All the steels used in these tests were cast into 2-in. square or 8-in. 
square ingots and then rolled into 1-in. round bars and different gages of 
sheet. The intergranular-corrosion tests were made on samples of 20-gttgo 
sheet quenched from 1150° C. This treatment was followed by holding 
the samples at temperatures of 300°, 400°, 475°, 550°, 650°, 750° and 
850 to 900 C. for one hour, twelve hours, three days, five days, two 
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weeks, one month, two months, and in some instances for five months. 
All samples were then boiled in the above-mentioned acidijfied copper 
sulfate solution for at least 200 hr., unless failure occurred earlier. The 
tensile and impact test pieces were machined to standard dimensions 
from 1-in. round bars and were either quenched or air-cooled from 
1150° C. previous to testing. 

In view of the literature on the subject it seems advisable to describe 
some of the results obtained on the plain chromium-nickel steels. It 
should be noted in Table 1 that steels containing between 12 and 27 per 
cent chromium, 6 and 25 per cent nickel, and relatively low carbon con- 
tent could be disintegrated after holding at temperatures between about 
400° and 750° C., although the steels having the higher chromium and 
nickel contents with relatively lower carbon are subject to disintegration 
within a narrower range of temperature. However, it was found that the 
susceptibility of these steels to intergranular corrosion was not accom- 
panied by a corresponding decrease in toughness. This is evidenced in 
the same table by the results of impact tests on samples quenched from 
1150° C. followed by holding for one month at the above-mentioned 
temperatures and then by air-cooling, the samples being tested at room 
temperature. The steels tested under these conditions retained their 
toughness to a remarkable degree after the treatments at 400°, 475° and 
550° C., although susceptible to disintegration. Holding at the higher 
temperatures, especially near 750° and 850° C., caused a decrease in 
toughness, but the steels so treated were not subject to intergranular 
attack. In fact, 650° C. approximates a border-line temperature with 
respect to these effects, and this seems especially true when the carbon 
content is low. 

The foregoing evidence indicates that two distinct problems arise in 
the use of the austenitic chromium-nickel steels at elevated temper- 
atures, although near 650° C. both defects concur and may even intensify 
each other. The loss in toughness from exposure to the higher temper- 
atures is not so serious, inasmuch as the steels still exhibit Izod values of 
40 ft-lb. or more. Likewise the decrease in corrosion resistance is general 
rather than localized at the grain boundaries. Hence the extreme 
desirability of an agent able to inhibit the changes that occur in the 
lower temperature range, and which initiate attack at the grain bound- 
aries of the metal, even though the steels at the same time may lose 
toughness when exposed to the higher range. 

Fig. 1 illustrates at magnifications of 100 and 2000 diameters the 
structures of a steel of the 18-8 type containing 0.07 per cent carbon after 
quenching from 1150° C. and holding at a series of temperatures between 
300° and 850° C. The photomicrographs show that when the steel is 
heated at 400°, 475° and 550° C. finely divided matter is precipitated in 
the grain boundaries, and accordingly the steel is subject to attack in these 
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regions. Heating the same steel at 650° C. results in precipitating larger 
particles at the grain boundaries, but the metal is still suscopilble to 



Fig. 1. — Effect op holding at different tbmpbhatuues on the STttucJTuuB of 

THE 18 PER CENT CHROMIX7M-8 PER CENT NICKEL STEEL. 

a. 17.60 per cent Cr, 8.88 per cent Ni, 0.07 per cent C. Quenched from 1160® C. 
X 100. 

h. Same steel quenched from 1150® C. X 2000. 

c. Same as 6, held 1 week at 300® C. and air-cooled. X 2000. 

d. Same as 6, held 1 week at 400® C. and air-cooled. X 2000. 

e. Same as 6, held 1 week at 475® C. and air-cooled. X 2000. 

/. Same as 6, held 1 week at 550® C. and air-cooled. X 2000. 

g. Same as 6, held 1 week at 650® 0. and air-cooled. X 2000. 

h. Same as 5, held 1 week at 750® C. and air-cooled. X 2000. 

i. Same as h, held 1 week at 850® C. and air-cooled. X 2000. 

Reduced 25 per cent; original magnification given. 

intergranular attack. By advancing the temperature still further to the 
range of 750° to 900° C., either for a long or short period, the steel is 
finally rendered immune to this type of attack, and as shown in views 
h and i of Fig. 1 the particles in the grain boundaries become considerably 
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larger. When considered in connection with other data later to be given, 
the preceding evidence leads the authors strongly to suspect that the 
precipitates formed at the lower and higher temperatures are not identical 
in composition. 

To acquire additional information concerning the changes that occur 
on heating at the lower temperatures, critical-point determinations were 
made on 18-8 chromium-nickel steels, using the procedure standard for 
ordinary steels. The resulting curves gave no indication of a change in 
structure. Realizing the extreme sluggishness of the thermal reactions 



DILATION 
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Fjo. 2. — Ckitical-i'oint dbtbbmination on a steel containing 18.45 peb cent Cb, 
8.56 PBtt CENT Nl AND 0.12 1*BE CENT C. 


in the austenitic chromium-nickel steels, a modified procedure was 
introduced to allow sufficient time for structural changes to occur. The 
plan involved heating the samples in a Rockwell dUatometer to about 
400® C. and maintaining this temperature for 24 hr., during which period 
readings were taken to ascertain when the steel had reached an approxi- 
mate equilibrium. The reading that denoted this state established the 
initial point of the curve. At the close of the 24-hr. period the temper- 
ature was increased 25® C. and again held for an equal period, and as 
before dilatometer readings were taken to establish the second point. 
This procedure was continued until a temperature approximating 650° C. 
had been reached, whereupon this temperature was maintained for 24 hr. 
to obtain the final point on the heating curve. Thereupon the samples 
were cooled at the same rate to provide points for the corresponding 
cooling curve. 
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In Fig. 2 are represented the heating and cooling curves for a 0.12 per 
cent carbon, chromium-nickel steel. On heating, the change which 
begins at 515° C. ends abruptly at 590° C.; on cooling, the change starts 
at 565° C. and is completed at 490° C. 

Fig. 3 depicts similar data relating to a chromium-nickel steel of 
0.07 per cent carbon content, the points having been determined during 
48-hr. heating periods. In this instance the changes on heating begin 
at 425° C. and end at 575° C., whereas on cooling the changes first appear 
at 575° C. and continue until 450° C. is reached. On heating it should 
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Fig. 3. — Critical-point determination on a steel containing 17.47 per cent Ch, 
9.27 PER cent Ni and 0.07 per cent C. 

be noted that at 555° C. a decided contraction takes place, whereas an 
increase of about 25° C. causes appreciable expansion of the metal. 
Knowing that the 18 per cent-8 per cent chromium-nickel steels arc 
particularly sensitive to intergranular attack at temperatures approxi- 
mating this range, and bearing in mind the temperature variations under 
industrial conditions, a detailed investigation within this range might 
yield valuable information leading to the explanation of intergranular 
corrosion. It should be understood that some of these changes take 
place so gradually in the austenitic chromium-nickel steels that definite^ 
end points can hardly be found. 

In 1929, Dr. H. H. Lester® showed that at the higher temperatures 
some of the steels of this class exhibited a critical point at 720° C. on 
heating, while on cooling a change occurred at about 620° C. 

* H. H. Lester; Paperpr esented before Amer. Soc. Steel Treat., Cleveland, Ohio, 
Sept. 13, 1929. 
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It seems advisable to describe briejdy some work of the authors on 
steels of the 18 per cent-8 per cent chromium-nickel variety containing 
exceptionally low percentages of carbon. The series ranged from 
0.006 to 0.009 per cent in carbon contents. Taking for example a 
steel that analyzed 19.92 per cent chromium, 8.08 per cent nickel and 
0.006 per cent carbon, it should be reported that after applying all the 
regular tests it was not found possible to induce intergranular corrosion 
in this steel despite the fact that it had been subjected to 300°, 400°, 
475°, 550°, 650°, 750° and 850° C. for varying periods extending to 
five months, following by boiling for 600 hr. in acidified copper sulfate 



a b 

Fig. 4.“ Structure of 18 per cent chromium-8 per cent nickel steels con- 
taining LESS THAN 0.01 PER CENT CARBON. X 250. 
a. 19.88 per cent Cr, 10.14 per cent Ni, 0.008 per cent C. Quenched from 1150® C. 
h, 17.10 per cent Cr, 9.12 per cent Ni, 0.009 per cent C. Quenched from 1150® C. 

after the treatment at each temperature. The same remarks apply 
to a steel that contained 18.34 per cent chromium, 10.53 per cent nickel 
and 0.009 per cent carbon. That these steels were all noticeably mag- 
netic after quenching from 1150° C. is an important point to emphasize. 
Fig. 4 shows the structures of two of these steels containing respectively 
0.008 and 0.009 per cent carbon. Steel b could not be disintegrated under 
the treatments described above; on the other hand, steel a showed slight 
signs of grain-boundary attack after holding for two months at 400° 
and 475° C. followed by boiling for 100 hr. in the copper sulfate solution. 
Explanation might well be asked of the difference in the resistance to 
intergranular attack of steels having analyses so nearly the same, and 
both so low in carbon. The authors have no explanation, and only a 
suggestion is offered that the ratio of chromium to nickel may exercise 
an important influence even in steels so low in carbon. 
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It has been stated in this paper that the addition of columbium to the 
austenitic chromium-nickel steels led to exceedingly satisfact-ory result.s. 
In Table 2 it should be observed that the presence of approximai.ely 
four times as much columbium as carbon diminished the range of tem- 
perature through which these steels were attacked at the grain boundaries. 
When the ratio of columbium to carbon was increased to about< seven to 
one, a marked improvement was obtained, although it was still possible 
to disintegrate the steel. Further increase of columbium to at least 10 
times the carbon yielded steels that failed to disintegrate after exposure 
for either long or short periods at all the temperatures between 300° and 
850° C. As expected, steels containing even higher ratios of columbium 


Table 2. — Corrosion Tests [on Chromium-7iickel Steels Containing 

Columbium 

(All samples quenched from 1160® O. before t(^Htirig) 


Cr,« Per Cent 

Ni, Per Cent 

Cb, Per Cent 

C, Per Cent 

Approxiixmto ToniperaturoH Within 
Rnn^e 300°-85()® C. that ('JauBO 
SubHoquont DiHinio^ration in Boiling 
Acidified Copper Sulfate, Dep;. C. 

18.39 

8.39 

0.37 

0.14 

476 to 060 

18.49 

8.56 

0.44 

0.10 

560 to ()60 

18.28 

9,42 

0.51 

0.07 

660 

18.36 

9.38 - 

0.79 

0.13 

060 

18.33 

9.16 

1.51 

0.18 

660 

18.75 

9.02 

1.00 

0.11 

060 

17.81 

9,18 

0.75 

0.07 

None found 

18.63 

9.27 

1.25 

0.12 

None foutul 

18.75 

9.14 

2.13 

0.12 

Nono found 

22.87 

12.43 

1.50 

0.14 

Nono found 

26.06 

20.44 

■ 1.51 

0.14 

Nono found 


"These steels also contained normal amounts of manganese, silicon, phosphorus 
and sulfur. 


to carbon also resisted disintegration. However, except in connection 
with very low carbon, columbium does not greatly correct the loss of 
toughness characteristic of exposure in the approximate range of 650° 
to 900° C. 

Seeking better understanding of the action of columbium, a long-time 
critical-point determination was made on a steel containing 1.16 per cent 
columbium and 0.10 per cent carbon, using the modified procedure earlier 
described. The results shown in Fig. 6 reveal that the changes which 
occur in the ordinary chromium-nickel steels are entirely absent, the 
columbium-bearing steel having expanded and contracted normally 
on heating and cooling. Is it not probable that the substantial elimi- 
nation of these changes explains at least in part the efficacy of columbium 
in inhibiting intergranular corrosion? 
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The results of physical and corrosion tests on a series of columbium- 
bearing steels are of interest. It may be observed from Table 3 that 
fully softened steels containing up to about 2 per cent columbium 
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Fig. 5. — Critic al-i>oint determination on a steel containing 18.38 per cent Cr, 
8.97 PER cent Ni, 1.16 per cent Cb and 0.10 per cent C. 


possess good physical characteristics. The same steels exhibited excel- 
lent resistance in the salt-spray test during an exposure of 750 hr.; 
equally satisfactory results were obtained in boiling 65 per cent nitric acid. 


Table 3. — Physical Tests on Chromium-nickel Steels Containing 

Columbium 


Or,« 

Per 

Cent 

Ni, 

Per 

Cent 

Cb, 

Per 

Cent 

c. 

Per 

Cent 

Condition of Metal 

Yield 
Point, 
Lb. per 
Sq. In. 

Max. 
Stress, 
Lb. per 
Sq. In. 

Elon- 
gation, 
Per 
Cent 
in 2 In. 

Reduc- 
tion of 
Area, 
Per 
Cent 

Izod 

Im- 

pact, 

Pt-lb. 

Brinell 

Hard- 

ness* 

18.28 

9.42 

0.61 

0.07 

Quenched from 1150® C. 

36,000 

89,500 

60 

72 

120 

137 

17.81 

9.18 

0.76 

0.07 

Quenched from 1160° C. 

35,000 

91,700 

69 

67 

120 

143 

18.03 

9.27 

1.26 

0.12 

Quenched from 1160° C. 

36,000 

91,700 

68 

66 

103 

143 

18.03 

9.27 

1.26 

0.12 

Air-cooled from 1160° C. 

41,000 

92,760 

57 

64 

102 

146 

18.52 

9.00 

2.13 

0.16 

Quenched from 1150° C. 

41,000 

91,200 

61 

64 

94 

163 

18.62 

9.00 

2.13 

0.16 

Air-cooled from 1160° C. 

36,000 

89,600 

61 

63 

98 

163 

22.87 

12,43 

1.60 

0.14 

Quenched from 1160° C. 

65,500 

91,000 

42 

58 

97 

146 

22.87 

12.43 

1.60 

0.14 

Air-cooled from 1160° C. 

62,000 

91,000 

47 

64 

98 

149 

26.06 

20.44 

1.61 

0.14 

Quenched from 1160° C. 

48,000 

90,600 

44 

63 

8G 



^ These steels also contained normal amounts of manganese, silicon, phosphorus and sulfur. 
63000-kg. weight. 
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Chromium-nickel steels containing columbium in the proper ratio l,o 
carbon are well adapted to welding by either the oxyacetylene f)r the arc 
method. Table 4 shows the results of tests on welded -‘fo-in. plates, 
naing rods of the same analysis, and it may be observed that wolds with 
markedly improved resistance to corrosion in both the weld and the 
adjacent zones are obtainable. In the welded state protection from 
localized failure in the weld or adjacent zone is obtained when columbium 
reaches substantially four to five times the content of carbon, provided 
the carbon does not exceed 0.10 per cent. This statement, applies to 


Table 4. — Corrosion Tests on Welds Made in ^(,-in. Coliimhiiwi-treated 
Chromiumr-nickel Steel Plate 


Composition of Plate and Rod, 


Penetration 



Per Cent 



per Morxth 






Method of 

in Boiling 05 

Uetntirk.M 

Cr 

Ni 


Cb 

Welding" 

Per Cent 
IINOi, In. 


C 


240-hr. Te.si8 


18.49 

8.56 

0.10 

0.44 

Oxyacetylene 

0.0022 

No notic(ui])l() attack in 







w(^1c1h or adjacent ;^on(‘H, 

18.49 

8.56 

0.10 

0.44 

Arc 

0.0014 

No notic(‘able attack in 







w(ddH or adjac(^nt zonoH. 

17.59 

8.05 

0.16 

0.71 

Oxyacetylene 

0.0087 

Noticeal)l(‘, attack in wolds 







and adja.c(!nt zones. 

17.59 

8.05 

0.16 

0.71 

Arc 

0.0001 

Noticeable attack in w(‘Ids 







and adjac(‘nt zones. 

18.26 

9,38 

0,13 

0.79 

Oxyacetylene 

0.0028 

No noticeable attack in 







welds or adjacent zon(*s. 

18.26 

9,38 

0.13 

0.79 

Arc 

0.0023 

No noticeable attack in 







welds or adjacc^nt zon(‘s. 

18.75 

9.02 

0.10 

1.00 

Oxyacetylene 

0.0014 

No noticeable atta(‘.k in 







wolds or adjacent zones. 

18.75 

9.02 

0.10 

1.00 

Arc 

0.0015 

No noticeable^ attack in 







welds or adjacent zones. 


“ Previous to welding the plate was air-coolcd from. 1150° (1. Tint Hatnplcis tested 
were 4 in. long and 1 in. wide. 


welds made by either process in plate having a maximum thickness of 
Ke in- When the carbon approximates 0.13 per cent, a columbium 
to carbon ratio of six or seven to one is required. The fact that little 
columbium is lost during welding doubtless has a favorable influence on 
the results. Fig. 6 relates to welding and probably holds much interest. 

While these data show little difference in the corrosion resistance of 
welds whether made by the oxyacetylene or the arc process, provided the 
steel has the proper ratio of columbium to carbon, it must bo emphasized 
that good welding technique is required. However, these statements 
refer only to welds that are required to resist corrosion at room temper- 
ature or slightly above. If they must withstand corrosion associated 
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with high temperatures, both rod and plate should contain at least 10 
times as much columbium as carbon. 

The satisfactory experimental results from columbium in the small 
heats leading to ingots 2 by 2 in. in section have been duplicated in the 
production of 8 by 8-in. ingots. The alloying addition is made with 



abed 


Fig. 6. — Effect of columbium on corrosion resistance of welds made in 12-gage 

LOW-CARBON 18 PER CENT CHROMIUM-8 PER CENT NICKEL STEEL SHEET. 

a, 0.06 per cent carbon, chromium-nickel stool sheet welded by oxyacetylene 
process, followed by test in a nitric-hydrofluoric acid solution. 

I). 0.06 per cent carbon, chromium-nickel steel sheet containing 0.67 per cent 
columbium welded by oxyacetylene process, followed by test in same solution. 

c. 0.06 per cent carbon, chromium-nickel steel sheet welded by arc process, fol- 
lowed l)y test in same solution. 

d. 0.06 per cent carbon, chromium-nickel steel sheet containing 0.67 per cent 
columbium welded by arc process, followed by test in same solution. 

ferrocolumbium containing from 50 to 60 per cent columbium and of low 
carbon content. By adding the alloy through the slag to a thoroughly 
deoxidized steel just before pouring, allowing sufficient time however for 
the columbium to alloy with the melt, recoveries of 80 to 90 per cent of 
the columbium can be secured in the finished steel. From the larger 
ingots these columbium-bearing steels have been fabricated under 
normal conditions in a commercial mill into rods, bars, plates, sheets and 
strips, and billets have been pierced and drawn to seamless tubes. 
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Initial hot-working temperatures of these steels should not greatly exceed 
1200° C. The procedures usual to the annealing and pickling of the 
plain 18 per cent-8 per cent chromium-nickel steels are suitable for those 
containing columbium. 


Table 5. — Physical and Corrosion Tests on Chromium-nickel Steel 
Containing Columbium Rolled in Commercial Mill 




Composition, Per Cent 



Heat N-27 

Heat N-U) 

Chromium 

18.39 

1H.3S 

Nickel 

8. 

95 

8.07 

Silicon 

0.37 

0.63 

Manganese 

0. 

54 

0.68 

Carbon 

0.06 

0. 

10 

Columbium 

0.67 

1. 

16 

Condition of Metal 

Quenched 

Air-cooled 

Quenched 

Air-<5oolod 

from 1150® 0. 

from 1150® C. 

from 1150® C. 

from 1150® C 

Yield point, lb. per sq, in 

37,000 

36,000 

38,800 

39,000 

Maximum stress, lb. per sq. in. . 

89,000 i 

87,000 

89,500 

91,500 

Elongation, per cent in 2 in 

57 

59 

56 

' 55 

Reduction of area, per cent 

68 

69 

70 

68 

Izod impact, ft-lb 

117 

104 

101 

108 

Brinell hardness 

131 

131 

143 

140 

Penetration per month in boiling 
65 per cent HNOs, in. Five 

48-hr. periods 

Results of salt-spray tests (20 

0.0011 

Unaffected 

Unaffected 

0.0024 

Unaffect(}d 

Unaffected 

per cent sodium chloride solu- 

in 500 hr. 

in 500 hr. 

in 500 hr. 

in 500 hr. 

tion). 






In Table 5 appear the results of tests on commercially rolled colum- 
bium-bearing steels both medium and low in carbon. Again it is to be 
noted that the steels have excellent physical characteristics and satis- 
factorily meet the salt-spray and nitric acid tests. 

Fig. 7 shows photomicrographs of the steels described in Table 5, 
views a and b representing the unetched condition. Both steels are 
relatively free from inclusions, a condition characteristic of substantially 
all the columbium-beraing steels produced during this investigation. 
For the lower carbon steel (0.06 per cent C) the structure is also shown, 
and in Fig. 7c it is apparent that this steel has an austenitic structure 
consisting of small grains, which refinement of structure is usually 
imparted by columbium. However, if the columbium content is increased 
to about 1.25 per cent or higher, the metal will contain small quantities 
of ferrite in addition to austenite and carbides. After quenching from 
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1150° C., the samples of the lower carbon steel were held respectively 
at 300°, 400°, 475°, 550° and 650° C., and the photomicrographs reveal 



7^ — Effect of holding at different temperatures on the structure of 

THE COLUMBIUM-TREATED 18 PER CENT CHROMIUM-8 PER CENT NICKEL STEEL. 

a. 18.39 per cent Cr, 8.95 per cent Ni, 0.06 per cent C, 0.67 per cent Cb. XJn- 
otehed. X 100. 

h. 18.38 per cent Cr, 8.97 per cent Ni, 0.10 per cent C, 1.16 per cent Cb. Un- 
ctched. X 100. 

c. 18.39 per cent Cr, 8.96 per cent Ni, 0.06 per cent C, 0.67 per cent Cb. Quenched 
from IISO'C. X 100. 

d. Steel c quenched from 1150° C. X 2000. 

e. Same as d, held 1 week at 300° C. and air-cooled. X 2000. 

?. Same as d, held 1 week at 400° C. and air-cooled. X 2000. 

g. Same as d, held 1 week at 475° C. and air-cooled. X 2000. 

L Same as d, held 1 week at 550° C. and air-cooled. X 2000. 

i. Same as d, held 1 week at 650° C. and air-cooled. X 2000. 

Reduced 25 per cent; original magnification given. 


the absence of the precipitation so apparent at the grain boundaries of 
plain 18 per cent chromium-8 per cent nickel steels similarly treated 
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(Fig. 1), This striking difference is firmly believed to explain the 
effectiveness of columbiiim in inhibiting attack at the grain boundaries. 

It seems entirely fair to conclude that the addition of columbiuin in 
moderate and economical proportions inhibits intergranular deteriora- 
tion of the austenitic chromium-nickel steels when exposed concurrently 
to elevated temperatures and chemical corrosion. This enhancement 
of corrosion resistance does not require sacrifice of the present valuable 
properties. Susceptibility to intergranular corrosion has limited use 
of these steels in logical fields, and the proffered remedy of this defect 
is expected to give fresh impetus to industrial utilization. 
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DISCUSSION 

(Jerome Strauss presiding) 

0. E. Harder,* Coluinhus, Ohio (written (lisciiHsion).— Among th(^ many valuable 
contributions contained in tiiis paper it appears to me tliat om^ of rnoHt. ini(‘r(*Hting 
is the rather convincing proof that susceptibility to int.cu'grannlar (‘.orrosion and lows in 
toughness after heating at certain elevated temporattin^s ar(^ two (liff(^ront plumom(‘.na. 
The authors have quite clearly shown that in many instanecss nujovc^ry from NUH(Hq)i.i- 
bility to corrosion disintegration is obtained at about the teunpe^ratun^ at whi(*,h tlui 
loss in ductility begins. 

The susceptibility to intergranular corrosion may be aHsunuul to be (‘xj)lainal)le on 
the basis of the theories that have already been advanced. The loss of imi)a(tt 
resistance upon heating in the range of 550° to 850° C. does not scuun to he (^xplainabhi 
on the basis of theories that have been advanced, if it is assumed, as seems to Ix^ 
established in the present research, that susceptibility to intergranular corrosion and 
loss in impact value are not due to the same cause. 

Before proposing a possible mechanism for this loss in impact value, I wish to 
comment upon the dilation curves reported in this paper. At first thought one might 
attempt to account for the contraction on heating and (ixpansion ori cooling by solu- 
tion and precipitation respectively. However, if wo assume that the carbide solu- 
bility curve is at least approximately that published by Bain, Aborn, and Rutherford/ 
it seems unlikely that any detectable solution would take pla( 5 (^ at a tempc^raturci as 
low as 600° C. Furthermore, solution of carbides according to their diagram should 
take place over a considerable range of temperature rather than at a fairly well dofimul 
temperature. Agglomeration of a precipitated phase might cause some contraction, 


* Assistant Director, Battelle Memorial Institute. 
^ Reference of footnote 2. 
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but this should take place gradually over a range of temperature and would 

provide no niechanisni for expansion on cooling. Reference to the structural diagram 
for carbon-free alloys with 18 per cent chroniium and variable amounts of nickel as 
drawn by Krivobok® and to the diagram by the same author showing the effect of 
carbon on the trend of reactions in 18 per cent chromium — 8 per cent nickel steels may 
suggest an explanation for the observed critical points on heating and cooling. In 
the carbon-free alloys with 8 per cent nickel the boundary between the alpha plus 
gamma and the gamma fields is at about 560° C. With 18 per cent chromium, 8 per 
cent nickel and 0.1 per cent carbon the boundary is at just above 500° C. These 
temperatures are in quite good agreement with critical temperatures of 515° to 590° C. 
and 425° to 575° C. reported in the present research. It so happens that the alloy of 
lower carbon content was higher in nickel, and these variations in carbon and nickel 
contents would tend to compensate each other. Does not the possible presence of a 
small amount of ferrite in these alloys, which is either present at ordinary tempera- 
tur(‘s or is formed on heating and later transforms to austenite on further heating and 
then changed back to ferrite on slow cooling, provide a plausible mechanism for the 
observed cril.ical points? 

Now to return to the loss in impact values upon heating within the range of 550° to 
850° C. It must 1)0 rcmem])crod that the authors air-cooled all specimens from the 
various reheating temperatures. Presumably 20-gagc sheet would be air-quenched 
and thus might not form ferrite. On the other hand, Izod specimens are larger, and 
air-(‘.ooling would be slower and might result in the formation of at least traces of 
ferrite and thus cause loss in ductility d\ic to internal stress. In Table 1 the higher 
the carbon contetit, the lower the reheating temperature required to lower the impact 
value. Perliaps the authors have unpu])lishecl data that will support or deny the 
above suggestions. If these suggested mechanisms are found to hold, the absence of 
critical points in the heating and cooling curves of the coin mbiiim-trca ted stool must 
be ai-tril)uted to the abscn(‘.e or differonccs in the character of the ferrite rather than 
to th(^ (diameter of the carbides, although the phenomena may be related. 

Wii.li regard to the amount of columliiuui (or titanium) required in steels of 
differemt carbon content, miglit it not be l)cttcr to assume a certain carbon solubility, 
say 0.02 per cent, and calculate the amount of the ''carbon-fixing” metal on the basis 
of the (excess carbon? 

Whiles this paper shows the effective use of columbium in preventing intergranular 
corrosion and in an earlier paper Bain and associates’* have demonstrated the effective- 
ness of titanium for a similar piirpose, I wonder if the possibilities of heat-treating 
these austenitic <dironiium-nickel stools as a means of preventing intergranular corro- 
sioti have been exhausted. To suggest a heat treatment based on a metallurgical 
"hunch” without having supporting (experimental evidence may be a dangerous 
proceduro. Tluere appears, however, to be one rather feasible way of attempting to 
stabilize these steels, which does not seem to have been tried so far as published 
information has come to my attention. 

This hceat treatment would consist of rapidly cooling the steels from the usual 
(piemdung temperatures, about 2000° F., to a temperature of maximum rate of carbide 
precipitation, probably about 1000° to 1200° F., holding the steels at this temperature 
until preedpitation is completed or nearly so, followed by reheating to a somewhat 
higher temperature in order to eff(5ct some growth or agglomeration of the precipitated 
(carbide, probably at a temperature of about 1400° F. Davenport and Bain^ have 


® V. N. Krivobok: The Book of Btaiulcss Steels, 19--49. 1933. 

^ Reference of footnote 2. 

^ E. S. Davenport and E. 0. Bain: Transformations of Austenite at Constant Sub- 
critical Temperatures. Trans. A.I.M.E. (1930) 90 , 117-144. 
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clearly shown that there is a temperature range of maxiinum mU\ of formation of 
pearlite from austenite and that there is another range of maximum rat-o of formation 
of martensite from austenite in plain carbon and slightly alloyed stc^ils. It^ is appr(‘e,i- 
ated that the precipitation of carbide may be a somewhat different plumomcmon, and 
yet it seems reasonable to assume that there is a temperature rang(> in whie.h i)r<H*ii)i- 
tation takes place rapidly. It is indicated by reheating experiments that an^ 

temperature ranges in which precipitation takes place more rapidly I, ban in otluTS. 
It is expected that if precipitation can be made to take place very rapidly i.lu' (^arbidc^ 
particles will be precipitated throughout the structure with little^ or no com^cmt, ration 
at the grain boundaries. 

The reheating to the somewhat higher temperature i)rop()Hcd would liav<i for its 
purpose increasing the size of the carbide particles and thus increasing I, heir stability, 
but it is obvious that this reheating temperature will have limitations, Ixu^auso if 
carried too high resolution of the carbide particles would take place and might n^sultr 
in grain-boundary precipitation due to future heating at a somewhat lower t(unp(‘ra- 
ture. It is known that reheating to temperatures of 1550° to 1 050° P, aft(^r (pHuudiing 
for stabilization has been proposed and used with som(^ siuuxsss.” Lik(jwis<^, working 
the steel down to relatively low temperatures, about 1550° F., has Ixhui used to (^ff(X‘.t 
some stabilization. 

A very limited amount of work has been done on this suggcst(xl IxMit treatrmmt, 
but the results are entirely too meager to justify tluur presentation in its stipport. 
Metallurgists familiar with stainless steel, with whom this heat tnnitnumt has been 
discussed, consider it sound metallurgically but are doubtful n'.garding its prac,tic.abili ty . 

P. Payson,* Harrison, N. J. (written discussion). — This i)aper is a welcome addi- 
tion to the literature on the effects of low-temperature heating on tlu^ auH<,(*nil,ic, 
stainless steels, first because it introduces a new method of prov(‘nting intergranular 
corrosion, and second because it points out that the heating condillonH, and Ixuxx^ the 
structural conditions, that bring about decreased resistance to intergranular (‘.orrosion 
are not necessarily the same as those that bring about docreascxl imj)act r(‘HiHt.an(^o. 
This implies that the causes for these effects are not the same, and that a- cure for one 
of these troubles may not be a cure for the other. I agree with the authors that the 
precipitate that causes susceptibility to intergranular (Corrosion is probably of a 
different composition from that which causes decreased impact toughru^ss. But 
there is another effect of heating these stools at tlxisc temx>oratureH whic.h is not men- 
tioned in the paper — ^that steels that may be resistant to intergranular (corrosion, as 
measured in the acid CuS 04 solution after long heating at thesci temperatun^s, may 
at the same time be very poorly resistant to general over-all corrosion as d^^t<UTnined, 
for example, in the boiling nitric acid test. It would bo interesting to know wlx^thcr 
the authors made nitric acid tests on some of their samples which had been ludd for a 
long time at the intermediate temperatures. 

Enough time has now elapsed since the discovery of intergranular corrosion in 1/hese 
steels to make us realize that this defect of the austenitic steels has Ixxm very much 
overemphasized. In 1930 many people began to fear that some of their expensive 
installations would soon come crumbling down because of intergranular corrosion. 
Practically all of these are still probably as sound today as they w(^ro then, and will 
continue to be so for many more years. I have encountered some cases where failure 
was undoubtedly due to intergranular corrosion, but there have also been many cases 
where intergranular corrosion was suspected but where the failure was due to some 
entirely different cause. 


® Reference of footnote 2. 

* Crucible Steel Company of America. 
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The overemphasis on this subject in the literature has probably intimidated m^ny 
possible consumers of 18-8 into buying the more expensive modified compositions 
when ordinary 18-8 with 0.08 C maximum might have been perfectly satisfactory for 
their i)urposc. The service conditions that combine long-time heating at inter- 
mediate temperatures with exposure to active electrolytes are very rare, yet many 
investigators, including the present authors, have heated their samples for hundreds 
of hours before subjecting them to the boiling acid copper sulfate test, which in itself 
is a much more severe condition than a great many installations are subject to. 

The very striking effect of the nitric-hydrofluoric reagent on welded samples, as 
shown in Fig. 6, is another form of overemphasis. Indeed, this test may be very mis- 
leading, as shown by some results which we have just obtained. Four steels with 
17.5 to 19.5 Cr, 8.6 to 9.6 Ni and 0.06 to 0.10 C, were annealed at 1900° and were then 
arc-welded. The welded samples were tested in the acid copper sulfate solution for 
about 200 hr., in the boiling 65 per cent nitric acid solution for two 48-hr. periods and 
in the nitric-hydrofluoric acid solution for 2 hr. The orders of merit in the three tests 
were as follows: 


Por Oont Carbon 

Acid GuSO-i 

65 Per Cent HNO 3 , 

In. per Month 

HNO 3 -HF 

0,06 

No attack 

0.0015 

Third best 

0.07 

Very slight attack 

0.0013 

Worst attack 

0.08 

Severe attack 

0.0017 

Second best 

0.10 j 

Severe attack 

0.0027 

Least attack 


In spite of the fact that 0.06 C steel looked bad in the nitric-hydrofluoric test, I would 
fe(jl safe in r(K‘>ommending the use of 18-8 steel with 0.06 C for welded tanks which wore 
not to be annealed after welding and which were to bo used in contact with boiling 
nitric acid. 

I do not wish to minimize the seriousness of intergranular corrosion under certain 
conditions, but I do believe it should be made clear that only relatively few conditions 
of service rociuin^ the highly resistant modified compositions of 18-8. For such condi- 
tions the colurnbium steel should be highly satisfactory. 

R. H. Aboun,* Kearny, N. J. (written discussion). — It is clearly evident that 
colurnbium as well as titanium may provide an entirely effective means of inhibiting 
intergranular corrosion without altering the inherently valuable properties of the 
austenitic structure. In all probability, they function alike, through their strong 
carbide-forming properties, to tic up the carbon and thereby prevent insidious chro- 
mium depiction. For certain purposes, such as welding rod, the columbium-bearing 
material possesses some advantages (owing to lower oxidation of the added element 
in m(dting) but for most purposes we are inclined to believe that both types possess 
approximately c(iual value. 

The authors declare that the '^procedures usual to the annealing of plain 18-8 steels 
are suitable for those containing colurnbium.^' It is our experience, however, that 
annealing at some 1 100° C., which is not uncommon for regular 18-8, may deleteriously 
affect the intergranular-corrosion resistance of the colurnbium product as judged by 
systematic thermal-gradient sensitization tests j and that a stabilizing heat treatment 
at 800° to 900° 0., designed to achieve maximum tying up of the carbon content, 
improves the columbium-bearing steel precisely as it improves the titanium product. 


Research Laboratory, U. S. Steel Corporation, 
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It is suggested that the observed irregularities in the dilation-teinporatun^ (uirvc's 
of the regular 18-8 alloys are occasioned by the transfornuitioii of sonic n,iisicnitc to 
ferrite incident to the precipitation of chromium-rich carlhdo. In itscUf this trans- 
formation of some austenite to ferrite incident to the precipitation of c*,hr()niiiun-ric}i 
carbide. In itself this transformation is probably'' of little pra(*tical signific^aiu^c and 
would vanish with a sufficiently high ratio of nickel to chroniiuin. 

In view of the close similarity in chemical properties l)otwccu coluinlnuni and 
tantalum, it would be interesting to know whether the authors liave invc'stigatod 
tantalum-bearing alloys and whether or not apprecialilc quantities of tantalum may 
be found in the columbium-bearing product. 

With regard to Dr. Harder’s proposed inetliod of stabilising the plain lS-8 alloy, F 
might add that such a method has been worked out successfully and is fully described 
in a paper by Bain, Aborn and Rutherford.® 

P. Payson. — Some time ago wo were working on three steels that were about 0.08 
to 0.20 carbon, and we tried the effect of stabilizing at a higli tcmpcral.urc, around 
1600® to 1650° F., with the same idea that Dr. Harder offered, of precipitating all the 
carbon and agglomerating it to a large size where it would no Iong(T liav(‘ a,ny e(fc(*.t. 
We found that by reheating for 10 min. at 1200® F. after al)out 6 hr. at HiOO® F. we 
again made the material susceptildc to intergranular corrosion, which is something I 
cannot explain. 

I thought that by heating first for a long time at the temperature where the harm- 
ful precipitation occurs, say around 1100® to 1200® F., and then heating at. a higher 
temperature for a long time, we could have a ])ctter chance for complelx*. agglonuunza- 
tion of the carbides. This procedure showed some promises but was not altogether 
successful. We heated for longer and longer periods of iinu^ at 1450®, and (\v(Uitually 
we did get resistance to intergranular attack after a comparatively short tim<^ lu^nl.in'g 
at 1200®, but the time required at 1450® was about a wc(5k, a.nd that put it oui.sidc* tin* 
class of practical heat treatment. A very surprising thing happemed; th(^ 0.20 (^arl)on 
steel was more readily stabilized than the 0.08 carbon steel, which is atioth(‘r thing 
that is difficult to explain. 

H. W. Gillett,* Columbus, Ohio. — Is there sufrunent coliimbium for commer- 
cial use? 

R. Franks. — We feel sure there will be sxifficiont colum))ium for use in stxKds 
required to resist intergran\ilar corrosion. 

Mr. Payson’s question regarding nitric acid tests is pertinent. We a(d,ually luOd 
a series of samples, both the plain chromium-nickel steels and the columbiurn-t.'n^ated 
chromium-nickel steels at all of the temperatures Ix^twocm about 300® and 900® (3. 
The steels were held at temperature for a period of al>out on<i week aftc^r <,liey w(u*e 
given five 48-hr. boiling periods in concentrated nitric acid. The coliimbium-tr<‘-at<ul 
steel was seriously attacked only after treatment at one iiomperature. I b(diev<^ 
this temperature was in the neighborhood of 550® C. Tlio plain chromium-nickel 
steels were very badly attacked after heating between 475® and 700® (J. Ilowcwc^r, 
after treatment at 850® C. the plain chromium-nickel steels were almost as resistant 
as they were after quenching from the annealing temperatunt. 

Mr. Payson also made statements concerning the severity of the tx^sts that con- 
sisted of holding the steels for longer periods at high tomperaturo previous to })oiliiig 
in copper sulfate. Of course, even with 0.06 carbon intergranular corrosion dovedops 
after a few hours at 500® to 600® C. if the steel is boiled in acid coppe^r sulfai.i^ or 


® Reference of footnote 2. 

* Director, Battelle Memorial Institute. 
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Dr. A})orn states that it is necessary to use a stabilizing treatment on the colum- 
biuni-treated chromiuni-niekcl steels. Tt has been our experience that for practical 
])iirp()ses it is unnecessary to employ such a heat treatment, if enough columbium 
is present, in thc^ steel. As a matter of fact, we found early in our work that quench- 
ing a steel from, say, 1150° C., rendered it far more susceptible to intergranular 
attack than air-cooling. Therefore, in all of our work we used a quench from 1150° C. 
on samples that were subsequently subjected to all the temperatures between 300° 
and 900° C. 

We made just as many experiments with tantalum as we did with columbium, 
and we found that a similar result could be secured with tantalum in low-carbon 
steels. By similar result,” I mean that with a 0.06 or 0.07 carbon steel it is neces- 
sary to have present about 2 to 2.25 per cent of tantalum to impart relative freedom 
from intergranular attack. 

In higher carbon steels, for example 0.10 or 0.12 per cent carbon, around 3 to 
4 per cent tantalum is recpiircd. In addition, this larger amount of tantalum actually 
decreases the diuitility of the steels slightly. However, the high-tantalum steels 
did exhibit good elongation values. These steels gave values in the neighborhood 
of 40 p(m cent (dongation after annealing, showing that they were not as satisfactory 
in this rcispect as the plain chromium-nickel steels and also the columbium-treated 
chromium-nickel steels. 

It is true that all of the ferrocolumbium alloys we have made contain a few per 
cent of tantalum. The alloys contain something like 2 to 5 per cent of tantalum 
and 55 to 60 per cent columbium. A method has been developed at the laboratory 
for determining both the columbium and the tantalum content of these steels. 

P, M. Beoket and R. Franks (written discussion). — Dr. Harder is correct in 
stating that th<‘. data presented indicate that the loss of impact resistance upon 
luuiting in the range of 550° to 850° C. cannot be explained by the theories advanced 
to ac.c.ouni. for the development of intergranular corrosion in the austenitic chromium- 
nick(il steeds. It has been our experience that the higher carbon steels begin to 
lose tougluKiss at lower tcmiperatures than those containing less carbon, because 
the highc'.r carbon steels are inherently less stable. We believe the quenching of 
these steels from sufficiently high i.cmperaturc gives a solid solution of the iron, 
chromium and nickel more nearly saturated with carbides, and that on subsequent 
luiating the constitiuuit causing lovss of toughness forms at a lower temperature. 

Dr. Hardc^r’s (iomments relating to the use of a heat treatment to coagulate car- 
bides to inhibit intergranular corrosion arc pertinent. Considerable experimenta- 
tion was e.arried on vscveral years ago at our laboratories with this idea in mind, but 
the procc‘ss r(^(plircid such long heating periods to secure anything like the desired 
imi)rov(un(uit that it did not indicate commercial feasibility. We do not believe 
Dr. Harder’s suggested heat treatment, consisting of first quenching the steels from 
about 2000° F. and cooling tlunn sufficiently slowly to 1000° to 1200° F. to cause 
maximum car})ide precipitation, followed by reheating to a somewhat higher tem- 
peratur(‘., for example 1400° F., would yield a satisfactory increase in resistance to 
intergranular attack. 

The authors cannot fully agree with Dr. Aborn’s statements concerning the 
necessity of using a stabilizing heat treatment at 800° to 900° C. after annealing 
the columbium-bearing steels at 1100° C., to achieve suitable resistence to inter- 
granular corrosion. Numerous tests have shown that if sufficient columbium is 
present in the chromium-nickel steels it is unnecessary from a practical standpoint 
to use such a stabilizing heat treatment. However, it is possible to employ such a 
treatment economically if the steel in question contains too little columbium to 
impart the desired characteristics. As stated in the paper, approximately 10 times 
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as much columbium as carbon is needed to obtain satisfactory results under all 
conditions. If the columbium to carbon ratio is in the vicinity of 7:1 or oven lower, 
wo appreciate that resistance to intergranular corrosion can be greatly improved 
by the use of a stabilizing treatment. Experiments conducted at our laboratories 
some time ago actually gave these results. 

Dr. Aborn's point in reference to the effect of tantalum in retarding intergranular 
corrosion in the chromium-nickel steels is well taken. A considerable amount of 
testing was done on steels containing various percentages of tantalum in relation to 
carbon content. In fact, the experiments were made on steels containing various 
percentages of tantalum and substantially no columbium, tantalum metal having 
been employed as the addition agent. The results showed that if sufficient tantalum 
were present the steel would possess remarkable freedom from attack at the grain 
boundaries. Nevertheless, it required approximately twice as much tantalum as 
columbium to accomplish this result, which in the instance of high-carbon steels 
would require a relatively large addition of tantalum. On the other hand, with 
low-carbon steels it may be possible to use tantalum advantageously for this pur- 
pose. The ferroalloys employed in the present work contained between 50 and 60 
per cent columbium and between 2 and 5 per cent tantalum. 

Mr. Payson brings out an important point in the first part of his discussion. This 
relates to the decreased general corrosion resistance caused by heating the austenitic 
chromium-nickel steels at certain temperatures without necessarily inducing inter- 
granular corrosion as measured by the acidified copper sulfate test. We presume 
that he has in mind some temperature between about 400° and 750° C. A series of 
tests was conducted in boiling nitric acid on chromium-nickel steel samples, with 
and without columbium, that previously had been hold at these temperatures. The 
results showed that even under these conditions the columbium-bcaring steels were 
markedly superior to the plain chromium-nickel steels, although they did not maintain 
fully the resistance they possessed in the annealed state. Similar tests were conducted 
on other steels containing some of the well-known additions to the chromium-nickel 
steels to inhibit the development of intergranular corrosion, and again it was noted 
that the columbium was outstanding in this respect. 

Mr. Payson states that the overemphasis placed on the susceptibility of the 
chromium-nickel steels to intergranular corrosion has perhaps intimidated many 
possible consumers of the 18-8 steel. He is probably correct in this statement, but 
we believe he will agree that unless some means is provided for overcoming this 
difficulty the general use of the 18-8 steel will always be unduly limited. 

The data given by Mr. Payson regarding the use of the nitric-hydrofluoric solution 
in testing welds made in the 18-8 steel agree generally with the results of tests made in 
our laboratories. This is especially true if the steel in question is unbalanced with 
respect to nickel, chromium and carbon. Our experience has been that with low 
carbon content it is important to have the nickel content in the vicinity of 9 per cent 
or slightly higher with a chromium content of at least 18 per cent. In this table, 
under the copper sulfate tests, no attack is recorded with a 0.06 per cent carbon steel, 
while with a 0.07 per cent carbon steel slight impairment was noticeable in the 
welded sections. We believe that some other factor was responsible for these results 
rather than the slight difference in carbon content. 



An X-ray Study of the Diffusion of Chromium into Iron* 

By Laurence C. Hicks, f Brackenbidge, Pa. 

(Detroit Meeting, October, 1933) 

CoNsiDEEATiON of the past work on the subject of the diifusion of 
chromium into iron suggested that additional information might be given 
by the use of X-ray spectroscopy in following the concentration changes 
through the diffusion zone. 

Griibe and Fleischbein^ packed rods of electrolytic iron in a mixture 
of alumina and chromium. These specimens were heated in an atmos- 
phere of purified hydrogen for varying lengths of time. After treatment 
the specimens were examined metallographically and showed the usual 
structure, consisting of a border of radially oriented columnar grains 
ending in a sharp boundary line. Reference is made to the fact that 
etching with certain reagents will attack only the material inside the 
border of columnar growth and also to the fact that polishing seems to 
develop a ridge at the position of the boundary between the etched and 
unetched areas. By chemical analysis of thin layers turned off on a 
precision lathe, the authors were able to obtain depth-concentration 
curves. These curves, reproduced in Fig. 1, show that in most cases a 
pronounced change of slope occurs, corresponding to the position of the 
boundary of the columnar grains. 

In a later paper Griibe extends his work to other systems which show 
the same characteristics. ^ He concludes that the reason for the break 
in the curve is that a hindrance of diffusion occurs at the place where 
the regularly oriented grains of the diffusion zone meet the random grains 
of the interior portion, on the assumption that the diffusion velocity in 
one direction in a grain may be greater than in another direction, and 
that the grains in the diffusion zone orient themselves so as to give the 
maximum diffusion rate. Kelley^ points out that Griibe has failed to 
note that the boundary line does not consistently cross all grains and 

* A condensation of a thesis submitted in partial fulfillment of the requirement for 
the degree of Doctor of Science from the Massachusetts Institute of Technology, 
June, 1933. 

t Research Metallurgist, Allegheny Steel Co. 

^ G. Griibe and W. v. Fleischbein : Die Oberflachenveredelung der Metalle durch 
Diffusion. Ztsch. f. anorg. u. all. Chem. (1926) 164 , 314. 

2 G. Griibe: Die Oberflachenveredelung von Metallen durch Diffusion. Ztsch. f. 
Metallkunde (1927) 19, 438. 

» F. C. Kelley: Grain Growth in Metals Caused by Diffusion. Trans. A.I.M.E. 
(1928) 78 , Inst, Met. Div., 390. 
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explains this phenomenon by suggesting that where the boundary line 
does not occur the interior grain had the same orientation as that assumed 
by the columnar grain. 

Bannister and Jones ^ in a consideration of the materials employed 
by other investigators find one feature in common; that in all cases where 
columnar growth was observed the metal that was diffusing into iron had 
the property of preventing the formation of the gamma solid solution 
when a definite percentage of the alloying element was reached. Fur- 
thermore, these authors found that if the diffusion experiments were 
conducted at temperature below the so-called ''gamma loop^^ range of 



DEPTH IN MILLIMETERS 

Fig. 1. — Depth-concentration curves obtained by GRtJBE and Flbischbein. 

the iron-tin system, no columnar growth appeared and the diffusion line 
was absent. The theories of Grtibe and Kelley cannot account for this 
phenomenon in a satisfactory manner. Thus, Bannister and Jones 
propose the following mechanism for the process: That diffusion above 
the Acs transformation, up to the necessary extent to inhibit the gamma 
phase, proceeds without any re-orientation of lattice; that subsequent 
diffusion causes the production of a new solid phase (alpha solid solution), 
the nuclei of the new phase being immediately absorbed by the grow- 
ing crystals. 


Experimental Work 

In the present paper use is made of sides of the unit body-centered 
cell of iron-chromium alloys obtained by G. D. Preston. This work is 


* C. O. Bannister and W. D. Jones: The Diffusion of Tin Into Iron. Jnl, Iron and 
Steel Inst. (1931) 124, 71. 
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ATomc PCRCLNT CHROM/UM 

Fia. 2 . — Ibon-chromtdm constitotionai. diagkam according to Adcock. 



Atomic pek cent cheomium 

Fig. 3. — Size of unit cell op iron-chromium allots according to Preston. 
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given as a supplement to a paper by Adcock® on the iron-chromium con- 
stitutional diagram. The diagram obtained by Adcock is given in 
Fig. 2, the magnetic transformations being omitted.* Fig. 3 reproduces 
Preston’s plot of cell size against percentages of chromium in the alloys.® 
The values are said to be accurate to O.OOOSX. 

The specimen used consisted of a piece of electrolytic iron approxi- 
mately 6 by 1 by M in. packed in powdered electrolytic chromium in a 
spinel crucible. The chromium was powdered in an iron mortar to pass 
a 100-mesh screen. The specimen was treated in a vacuum furnace 
designed and constructed for this purpose. The furnace consisted essen- 
tially of a platinum-wound resistance unit mounted inside a glass bell 
jar. The base of the furnace was a ground-glass plate cemented to a steel 
plate. Temperature measurement and control was obtained by use of a 
calibrated platinum, platinum-rhodium thermocouple. The auxiliary 
equipment consisted of a standard calibrated vacuum gage, a mercury 
vapor pump backed by a mechanical pump, and a controlling pyrometer. 
By means of this apparatus specimens were heated for 96 hr. at 1200® C. 
under an average pressure of 0.020 mm. of mercury. 

Because of the relatively small difference between the side of the unit 
body-centered cell of iron and that of chromium, it was necessary to use 
a method of X-ray measurement capable of considerable precision. Dr. 
Charles S. Barrett, of the Metals Research Laboratory, Carnegie Institute 
of Technology, kindly submitted a photograph of a Sachs type camera 
used by him, in accordance with which a camera of somewhat similar 
design was constructed. 

The source of radiation was a Shearer type, self-rectifying tube oper- 
ated at 10 ma. and 35 kv. An exposure of 2 hr. was found sufficient. 
The radiation was that of the K-alpha doublet of chromium. 

When the specimen was examined after treatment, it was found that 
the powdered chromium had sintered, giving a coherent mass which 
could be broken from the metal in large pieces. The surface of the metal 
thus exposed was very brilliant and even. The only evidence of oxidation 
was a green coloration at the outside surface of the sintered material. The 
specimen was sectioned, polished, etched, and examined microscopically. 

For the X-ray investigation, a small section of the original specimen 
was ground to successive depths on a plane perpendicular to the direction 
of diffusion. The grinding was done by hand on No. 1 polishing paper, 
finishing on No. 00 paper. The depths were checked by means of an 
ordinary outside micrometer. No effort other than ordinary care was 
made to keep the ground surface parallel to the original surface, since 


* See author’s discussion, page 177. 

®F. Adcock: The Iron-Chromium Constitutional Diagram. Jnl. Iron and Steel 
Inst. (1931) 124, 99. 

® Also published by G. D. Preston independently: An X-Ray Examination of Iron- 
Chromium Alloys. Phil. Mag. (1932) 13, 419. 
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measurements with the micrometer were made at the same place each 
time, and since the X-ray beam had a diameter of not more than J-fe 
and was centered in the mark left by the micrometer anvil. 

A portion of the sintered material broken from the surface of the speci- 
men was also subjected to X-ray examination. The material was suflBi- 
ciently coherent to be suitable for grinding off thin layers very easily, 
the depths being measured by a micrometer as before. 

Results Obtained and Conclusions Reached 

The metallographic examination of the specimen after diffusion had 
taken place showed little that has not been observed by previous investi- 
gators. A few points, however, should be mentioned. Fig. 4 shows a 
cross-section of the specimen at a magnification of five diameters, etched 
with nital. It will be noted that the line of demarcation between the 
etched and unetched portion of the surface is very sharp and follows the 
outer contour of the specimen remarkably. 

Fig. 5 shows the same cross-section at a slightly lower magnification 
etched with FeCls + HCl. Here the columnar nature of the grains in 
the outer zone is clearly evident. Fig. 6 is a portion of the same specimen 
at a magnification of 100 diameters and shows the surprisingly straight 
boundary between the two zones. . Close examination will reveal the 
polishing ridge just inside the boundary line. This ridge is quite evident 
to the unaided eye even after rough grinding of the surface and would 
seem to indicate a sharp change in the hardness of the specimen. It is 
rather difficult to reconcile so abrupt a change in the hardness with a 
gradual concentration gradient as shown by the diffusion curves of Grtibe 
given in Fig. 1. 

In Fig. 6, when the boundary line between the two zones crosses a 
grain boundary between the columnar grains, a pronounced V is formed, 
the apex extending away from the coarse-grained material in the interior. 
This phenomenon was found consistently and its explanation might be of 
considerable interest. The boundary line seems to be lacking at the 
upper left-hand side of Fig. 6, an effect observed and explained by previ- 
ous investigators. 

In order to coordinate the measurements of the side of unit cell at 
various depths through the diffusion zone with the percentage of chro- 
mium present, the data of Preston previously referred to are used with a 
slight modification. The lattice parameter of the chromium used in this 
investigation checked exactly with that used by Preston (2.87861..), but 
in the case of the electrolytic iron there was some difference. The value 
obtained in the present instance was 2.86081 while that of Preston was 
given as 2.8600l. The correction factor was introduced in the following 
manner; Preston^s values were carefully plotted for the entire range from 
100 per cent iron to 100 per cent chromium. A second curve was then 
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plotted with a dijfference of 0.0008A. at 100 per cent iron and a difference 
of O.OOOOA. at 100 per cent chromium, the intermediate differences being 
proportional to the concentration. From the corrected curve, values 



Figs. 4-6. — Cross-section of iron-chromium specimen after diffusion had 

TAKEN PLACE. 

Fig. 4. — ^Etched with nital. X 5. 

Fig. 5. — Etched with FeCh + HCL X 6. 

Fig. 6.— Etched with FeCl, + HCl. X 100. 

for the percentage concentration were obtained from the parameters 
measured at intervals through the diffusion zone. §ee Fig. 7. 
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A consideration of the diffusion curve thus obtained leads to an imme- 
diate explanation of the etching and polishing effects observed. The 
concentration falls off gradually for a considerable distance, then drops 
very abruptly, finally reaching a point where no chromium is present. 
This drop in concentration is so abrupt that when the specimen has been 
ground to the point where etching with nital discolors a portion of the 
surface (indicating that the boundary has been broken through) a spectro- 
gram of the unetched area indicates 15 per cent chromium, the lines 
being sharp and distinct, while a spectrogram of the etched area indicates 



Fig. 7. — Depth-concentration curve. 

less than one per cent chromium. Moreover, with the specimen placed 
on the X-ray camera in such a position that the beam strikes a portion 
of both areas, a film was obtained showing two distinct pairs of the 
K-alpha doublets, one pair for each concentration. 

Table 1 gives all X-ray data. In the data on the sintered material 
broken from the surface of the specimen, it will be noted that there has 
been a very considerable penetration of iron into the chromium powder. 

For the most part, the lines on the spectrograms were distinct and 
sharp, permitting very accurate measurement. In three cases, however, 
in the region of high chromium content, films were obtained showing two 
distinct pairs of doublets. This was thought to be due to the fact that 
the X-ray beam struck grains of slightly different concentrations. If, 
in these cases, the lines were averaged in their measurement, the points 
were found to fall well on the curve. 
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As for the accuracy of the methods, it is believed that the lattice 
parameters are correct to O.OOOSA.., and this, assuming Preston’s values 
and the deviation curve to be correct, will give an accuracy of + 1 atomic 
per cent concentration in the high-iron region, and ± 3 atomic per cent 
in the high-chromium region. 

The percentage of chromium at the break in the curve is somewhat 
greater than that indicated by Adcock’s diagram as the limit of the 
gamma solid solution range at 1200° C. Owing to the difficulty of deter- 
mining these points on the equilibrium diagram, it may be that the 
gamma solid solution limit at 1200° C. is somewhat greater than that 
indicated by Adcock’s diagram. Others^ have placed the limit at 14 
or 15 atomic per cent chromium, figures more in agreement with the 
present results. 

When this work was started, it was hoped that the coincidence 
between the limit of the gamma loop at the diffusion temperature and 
the chromium content at the boundary line could be proved by the 
presence of lines from the gamma structure on the X-ray spectrograms 
of specimens quenched from the diffusion temperature. Reference to 
the diffusion curve obtained will show that this would be impossible 
because the drop in concentration is so abrupt that the quantity of mate- 
rial that would be retained in the gamma form would be insufficient 
to give a diffraction pattern. This was found to be the case. However, 
a specimen previously treated for diffusion at 1200° C. was water- 
quenched from 1350° C. and, in this case, the boundary line occurred at 8 
per cent chromium instead of 15 per cent, a result that obviously is due to 
the narrowing of the gamma solid solution range at higher temperatures. 

From these results it may be concluded that the mechanism of the 
diffusion process is exactly as set forth by Bannister and Jones. The 
shape of the diffusion curve is not as found by previous investigators. 
Instead of merely a change in slope at the position of the boundary, there 
is an abrupt drop in concentration. The apparent discrepancy in these 
results is easily accounted for. Previous experimenters have obtained 
their depth-concentration values by the chemical analysis of lathe 
turnings from cylindrical specimens. Thus, so abrupt a drop in concen- 
tration would necessarily be obscured by the thickness of the layer that 
must be turned off for analysis. 

Previous investigators have assigned the change of slope in the 
diffusion curve to the fact that it will be more difficult for atoms to 
migrate across the region of disorganization between the two phases 


^ E. C. Bain: The Nature of the Alloys of Iron and Chromium. Tram. Amer. Soc. 
Steel Treat. (1928) 9, 9. 

P. Oberhoffer and C. Kreutzer; Beitrage zu den Systemen Eisen-Silizium, Eisen- 
Chrom, und Eisen-Phosphor. Stahl und Eism (1929) 49, 189. 
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Table 1. — X-ray Data 


Depth, In. 

Side of Unit Cell, k. 

Atomic Per Gent Chromium 

0 

2.8721 

68 

0.002 

2.8712 

61 

0.004 

2.8700 

52 

0.006 

2.8694 

47 

0.008 

2.8688 

43 

0.010 

2.8684 

37 

0.012 

2.8682 

35 

0.014 

2.8679 

32 

0.010 

2.8677 

28 

0.018 

2.8675 

26 

0.020 

2.8674 

25 

0.022 

2.8673 

23 

0.024 

2.8669 

20 

0.026 

2.8669 

20 

0.028 

2.8667 

18 

0.030 

2.8667 

18 

0.032 

2.8666 

17 

0.034 

2.8603 

15 

0.036 

2.8662 

14 

0.036 

2.8663 

15 

0.037 

2.8614 

1 

0.038 

2.8614 

1 

0.039 

2.8611 

0.6-1 

0.041 

2.8012 

0.6-1 

0.043 

2.8610 

0.6 

0.046 

2.8608 

0 


SiDB OP Unit Atomic Pee Cent 



Depth, In. 

Cell, k 

Chromium 

Specimen water-quenched from 1200® G., 

Unetched area 

2.8663 

16 

ground to border and etched with nital. 

Etched area 

2.8612 

1 

Specimen water-quenched from 1350® C., 

Unetched area 

2.8662 

8 

ground to border and etched with nital. 

Etched area 

2.8610 

0.6 

Sintered material broken from surface of 

0 

2.8746 

83 

specimen. 

0.004 

2.8648 

86 


0.008 

2.8768 

89 


0.014 

2.8764 

93 


0,018 — 0.038 films unmeasurable — doublets not resolved' 


0.043 

2.8786 

100 


« The indistinctness of these films is probably due to nonuniformity of composition. 


Analysis of Materials Used, Per Cent 
Elboteolytic Ieon Electrolytic Chromium 

Carbon 0,066 Carbon 0.043 

Phosphorus 0.006 Iron 0.067 

Sulphur 0.004 Aluminum 0.042 

Silicon 0.006 
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existing at the temperature of diffusion. From the results given in this 
paper, it would seem that this explanation is not entirely satisfactory. 

The slope of the diffusion curve as presented in this paper offers an 
explanation of the polishing and etching effects in that there must neces- 
sarily be an abrupt change in hardness and resistance to chemical attack, 
corresponding to the abrupt change in concentration in the specimen. 
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DISCUSSION 

{John Johnston 'presiding) 

J. Johnston,* Kearny, N. J. — Diffusion in metals is a topic upon which our general 
ideas are still far from satisfactory; and they can become satisfactory only by work, 
such as has just been presented to us, which brings us thoroughly reliable information. 

V. N. Kbivobok,! Pittsburgh, Pa. — The contribution on the subject of diffusion 
in solids should be of much interest to us, not only because of its broad theoretical 
aspects, but also because of its importance in productive, creative work. A search 
of the literature pertaining to the question of diffusion in solids produces numerous 
references, but very few contain the results of completed investigations in the field 
of ferrous alloys. 

My remarks pertaining to the paper are not uttered in the spirit of criticism but 
merely as suggestions for the author's consideration. In my opinion extraordinary 
care should be exercised in selecting the materials for diffusion work. Dr. Hicks 
mentions that the specimen used for experimental work consisted of a piece of elec- 
trolytic iron. Since we know that the composition of electrolytic “iron" may vary 
considerably, it is important to know exactly the impurities present in the iron. 
Diffusion phenomena and solid solubility, of course, are, intimately related and the 
factors influencing one should also influence the other. I have suspected for some 
time, and my views were upheld last night during a discussion with one of my friends, 
that the existing data on the solubility of carbon in chromium alloys is in need of 
correction. Even small amounts of impurities influence the solubility. These 
impurities are not limited to carbon, silicon, manganese, nickel, etc. Others, less 
commonly thought of in connection with metals, are known to exert considerable 
influence on the general phenomenon of phase changes, as reflected by definite modifi- 
cations in certain properties. It is to be anticipated that some impurities — nitrogen, 
for example — ^may, in some way, influence the rate of diffusion, therefore it is desirable 
to work with the purest obtainable materials, when the aim of the research work is 
of such general interest as the present investigation. These remarks, may I repeat, 
are not designed to minimize the value of the paper. I have always believed in a 
preliminary survey of the field before undertaking more refined work. 

* Director of Research, U. S. Steel Corporation, 
t Associate Professor of Metallurgy, Carnegie Institute of Technology. 
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The sharp break as shown in the curve for depth versus concentration is very 
disconcerting. Granting that the diffusion rates in alpha and gamma iron are widely 
different, the shape of the curve as given does not show the existence of heterogeneous 
(alpha plus gamma) field. Had the method that Dr. Hicks employed been less sensi- 
tive, it would not have been so difficult to find the explanation. As it stands, the 
explanation is by no means simple and I believe that Dr. Hicks himself would want 
to pursue the subject still further, as I hope he will. 

W. P. Davey,* State College, Pa. — There are, in general, only two types of theories 
possible as to the nature of a solid solution. We have been studying for some time 
as to what we mean by solid solution and we believe that there is some evidence that 
there is a tendency toward a chemical combination between solubility and solvent. 
We do not want to press that too far at this time, but it does leave us with two alterna- 
tives, either the soluble material can travel along by diffusion, atom by atom, each 
atom being entirely independent of every other atom then, or it can tend to aggregate 
in little clusters, in which case diffusion could only go on by the breaking up of indi- 
vidual clusters. If Dr. Hicks could confirm his present data by having a large number 
of curves in a large number of specimens of pure material, so that we could be really 
sure of that straight drop from 15 per cent to 1 per cent, we might be able to say that 
one of those two alternatives was wrong. Not that the other one was right, but at 
least we could say that one was wrong. If the drop off is not there, it would be reason- 
able to assume that diffusion occurs atom by atom, the atoms just migrate along, as 
we have ordinarily pictured them. If instead of that, the drop off is really there, 
it would look as though the chromium were in little aggregates of some loose kind 
of chemical combination between the chromium and the iron, and that the aggregates, 
call them colloidal aggregates if you will, would have to disintegrate in order that 
diffusion might occur. In such a case one would expect a, much sharper boundary 
line between the chromium-containing material and the pure iron into which diffusion 
was occurring. 

I hope that Dr. Hicks can manage to get still purer materials and do a very large 
number of measurements of this sort, in the hope that he can decide between these 
two alternatives. 

J. T. Norton,! Cambridge, Mass. — It is true that sometimes we cannot be certain 
of the interpretation of the X-ray evidence, but here a measurement of a lattice 
parameter is unquestionably an indication of chemical composition, and this work 
illustrates in an excellent manner that the X-ray results are definite and reproducible. 
The points shown by Dr. Hicks lie closely on a smooth curve and they could be 
duplicated time and time again. I think the results show very plainly the definite 
progress that has taken place during the last few years and indicate that the precision 
claimed for the method is, in this case at least, really justified. 

J. Johnston. — It would be very desirable if measurements of diffusion rate, such 
as those of Dr. Hicks, were extended to a series of temperatures; because from the 
temperature coefficient of the rate one could calculate the corresponding heat effect 
and compare it with, for instance, the heat of solution measured in other ways. This 
should aid us in interpreting the data, in ascertaining in how far the several data 
are consistent; and if they are not, an analysis of the data would lead to a reinvestiga- 
tion of the more doubtful and thereby bring about a greater degree of certainty 
in our knowledge of the matter. I find difficulty in making a useful picture of the 
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process of diffusion through a metal, except possibly in the case of hydrogen, which 
is so small and so neutral chemically to metal atoms that it can be regarded as passing 
through the lattice structure without affecting it appreciably. There is one indica- 
tion, however, which seems inherently probable and worth following up; namely, 
that, other conditions being equal, diffusion is slower the greater the chemical attrac- 
tion between the diffusing atom and the metal atom; for instance, the rate of diffusion 
through iron of oxygen is very much smaller than that of carbon at the same tempera- 
ture, a much greater difference than could be attributed merely to the different atomic 
size of the two substances. We need reliable information covering a wider range of 
conditions and a larger number of pairs of diffusing substances, and secured by as 
many independent methods as are possible. It is to be hoped that a more widespread 
recognition of the fundamental importance of diffusion through metals will lead to 
further experimental work along these lines. 

L. C. Hicks. — The discussion has brought to mind several points which should, 
perhaps, have been brought out in the original presentation. Several have brought 
up the question of purity of materials. I fully appreciate that impurities may have 
considerable effect on phenomena of this type, but I believe that in this case the 
phenomenon itself is so gross as to justify the conclusions. Furthermore, the fact 
that the sizes of the unit cells of iron and chromium checked those of the carefully 
prepared materials of Mr. Preston was taken as an indication that these materials 
would be suitable for the method used. 

Dr. Johnston has suggested that several other temperatures should have been 
employed. In order to investigate the effect of other temperature, the following 
additional experiment was carried out. A specimen that previously had been treated 
for diffusion at 1200® C. was heated to 1350® C. and quenched in water. This speci- 
men was then subjected to X-ray measurements as before, but in this case the abrupt 
drop in concentration occurred not at 15 atomic per cent but at 8 atomic per cent, 
corresponding to the narrowing of the gamma field at the higher temperatures. This 
was taken as proof of the direct dependence of the concentration phenomenon upon 
the phase change in the system. This result is further substantiated by the work of 
Bannister and Jones on the iron-tin system, these investigators having found that 
when diffusion took place at temperatures above or below the gamma loop range, no 
columnar growth resulted and the diffusion line was absent. 

It has been suggested that it would be of value to extend the time of the diffusion 
experiment. Unfortunately, the time for the research itself was rather limited. It 
is believed, moreover, that the results of Grtibe and others indicate clearly that 
extending the time of diffusion will have the effect of extending and flattening the 
diffusion curve, although the general contour will remain the same. 

W. B. Arnbss,* Baltimore, Md. — Dr. Krivobok made the point that a sharp drop 
in chromium content at the inner edge of the diffusion zone is* unexpected and in 
connection with this I wish to mention that the photographs shown in the paper are 
most interesting, and would in my experience bear out the author^s contention that 
a sudden change in chromium concentration has taken place. The structure of the 
skin is typical of a high-chromium alloy almost completely decarbonized. The 
grains themselves are similar in size and orientation to surface grams of decarbonized 
iron-chromium alloys. 

W. D. Jones, t London, England (written discussion). — It is very gratifying to 
find the '‘gamma-loop diffusion theory for chromium and iron so clearly demon- 
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strated. Mr. Hicks is to be congratulated on the close agreement between his results 
and the investigation of F. Adcock. 

The sharp concentration drop from 15 to 1 per cent of chromium reveals how 
considerable is the force necessary to cause diffusion in a gamma lattice and reorienta- 
tion to an alpha lattice. The V-shaped groove where the diffusion line meets a 
boundary originates possibly in the 
obstruction caused by irregular atomic 
orientation at the boundary. 

It is interesting that chromium first 
depresses the As point before finally 
elevating it. Working just below 900° 

C., it should be possible to obtain two 
diffusion lines. This effect is appar- 
ently seen in Fig. 8, showing diffusion 
after 8 hr. at 875° C. The limit of 
penetration of chromium is indicated by 
the depth of etching. 

Concerning minor details, it might 
be asked why Dr. Hicks did not work 
at 1150° C., midway between 900° and Fig. 8. — Double dippusion line. X 1000. 
1400°, or alternatively, at about 1000° 

C., which appears to be the temperature of the gamma limit. It is also suggested 
that possibly more regular diffusion might have been obtained by employing powder 
of at least 200 mesh tightly compressed around the specimen. 

F. C. Kelley,* Schenectady, N. Y. (written discussion). — The X-ray investiga- 
tion described in this paper has been conducted in a very orderly and exact manner, 
and can leave no doubt as to the concentrations of chromium on either side of the 
boundary line between the grains of high and low chromium content. 

There has been much added to the literature since the presentation of my paper in 
1928.8 The fundamental knowledge concerning the influence of Co, Mo, W, Si, Sn, 
etc. upon the extent of the gamma range was taken into consideration in the prepara- 
tion of my paper, the purpose being to create more interest and extend the field of 
knowledge by encouraging the use of X-ray methods in the investigation of this most 
interesting subject. 

The hypothesis put forth was to give a new point of view and to call attention to 
another factor that seemed of great importance; namely, the force of diffusion. 

The discussion of my paper by Zay Jeffries, C. Benedicks and A. Hultgren brought 
out the importance of the influence of the gamma-alpha transformation upon the 
progressive growth of the alpha phase caused by the diffusion of various elements. 

In that paper I expressed the idea that ''The surface grains of iron absorb the 
particles of powdered material, and the direction of diffusion of the material deter- 
mines the direction and position of the long axes of the grains.^' This was really the 
fundamental idea that prompted the writing of the paper. 

Bannister and Jones gave a very able discussion of this diffusion phenomenon 
along the same lines as Jeffries, Benedicks and Hultgren when commenting on my 
paper, but said, “The actual orientation of the columnar crystals can only be deter- 
mined with certainty by X-ray measurements, which have not yet been carried out, 
but there is some ground for supposing that a certain preferred orientation would be 
found to be possessed in common by the entire band of crystals. Since, with the 
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progress of diffusion, an entirely new lattice is being produced, it is reasonable to 
suppose that the orientation of the new lattice would be related in a definite manner 
to the direction of diffusion, and such a relationship has been demonstrated in the 
case of the diffusion of zinc in copper by Constance F. Elam.’^ 

It may yet be demonstrated, to quote from my paper, that 'Hhc reason for sharp 
falling off in the rate of diffusion at a penetration corresponding to the dark line might 
be accounted for by the consumption of an enormous amount of energy required to 
transfer an atom through the distorted area from one orientation to another.” I 
referred to the orientation of the grains with respect to the axis of diffusion. If grains 
on either side of the dark line can be analyzed for the percentage of chromium, a like 
analysis of those grains extending across this region but exhibiting no sharp dark line 
might reveal a different concentration of chromium on the low-chromium side of the 
invisible line, when compared with those exhibiting the dark line. This woiild give 
an indication of the influence of this so-called distorted region on the rate of diffusion. 

If the orientations of these grains could be established on either side of the dark 
line and the invisible line with respect to their long axes, the influence of orientation 
upon rates of diffusion might be established. 

F. Adcock,* Teddington, Middlesex, England (written discussion). — Fig. 2 of the 
author's paper did not strictly represent the writer's diagram. The writer did not 
determine the inner lines of the ‘'gamma” loop and consequently his diagram did not 
show them. When investigating this region of the diagram he noticed, however, 
that thermal and dilatometric changes denoting the limits of the loop usually occtirrcd 
at higher temperatures when observed on a rising temperature than did the correspond- 
ing reverse changes which were associated with a falling temperature. These two 
sets of observations were linked by lines in his Fig. 7^ which showed the “gamma” 
loop in detail, but as these lines did not represent changes occurring under cqxulibruim 
conditions they did not find a place in the constitutional diagram (Fig. 8). There, the 
limits of the gamma loop were shown by a single line obtained from averaged values. 
He therefore asked that the author in his Fig. 2 should cither show the “gamma” loop 
as a single line or indicate clearly on the same page that the diagram has been modified 
by the author. 

Mr. Hicks is to be congratulated on his novel method, which demonstrated the 
step in composition connected with the “alpha-gamma” change. It should be 
noted, however, that the iron used by him contained 0.065 per cent carbon, the 
chromium 0.043 per cent carbon and that no analysis for oxygen in the chromium 
was given. 

Electrochromium as deposited may contain oxygen equivalent to more than 1.6 per 
cent of chromic oxide. The limits of the “gamma” loop are apparently influenced 
by the presence of relatively small amounts of impurities and for this reason it would 
be of great interest if the author could repeat his experiment using purer materials. 

G. D. Preston, t Teddington, Middlesex, England (written discussion). — I would 
like to suggest that in discovering an abrupt break in the composition-depth curve 
where it falls from 15 to 1 atomic per cent chromium, Dr. Hicks has in fact determined 
the solubility limit of chromium in -y iron as well as the composition of the a, phase in 
equilibrium with it at 1200° C. It may be objected to this interpretation of the 
observed effect that the system is not in equilibrium. But I suggest that as the rate 
of diffusion is small and that as the concentration gradient at both sides of the discon- 
tinuity is also small, equilibrium conditions are approximately obtained at the 
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boundary of the two phases. This last consideration is the more important and 
Table 1 shows that in the range of depth from 34 to 36 thousandths of an inch there is 
no detectable change of composition; i.e., the gradient is less than 1 atomic per cent 
chromium in this interval of 2 X 10"^ in. Dr. Hicks attributes his failure to detect 
the presence of the 7 phase to the minute quantity present, but it is possible that the 
phase has not been preserved by the quench and that it has reverted to the a state. 

The difference between Dr. Hicks’ figure of 15 atomic per cent chromium for the 
limit of the 7 loop and the diagram of Fig. 2 may be due to differences in purity of the 
materials as suggested by Dr. Adcock above or to the fact that equilibrium conditions 
are only approximately attained. It would be interesting to know if Dr. Hicks has 
examined any specimens in which the chromium has been allowed to penetrate to 
greater depths and, if so, whether the discontinuity always occurs at the same com- 
position. One would expect failure to obtain equilibrium to give too high a chromium 
content for the a phase and too low a figure for the transformed 7 phase. 

£y/~ ras/£>A^ 

^OA/jT 


Fig. 9. 

The discrepancy between Dr. Hicks’ figure for the parameter of electrolytic iron 
and the value given by me for the high-purity iron used by Dr. Adcock may have 
some significance, although the difference amounts only to the sum of our errors of 
observation. I believe the parameter of electrolytic iron is slightly larger than that 
of the same material remelted in vacuo but would be glad to know if Dr. Hicks can 
confirm this from his own experience. 

L. C. Hicks (written discussion). — I feel that I owe Dr. Adcock a profound apology 
for the manner in which I have reproduced his diagram. Due to an oversight I failed 
to include a notation to the effect that Dr. Adcock’s diagram had been modified to the 
extent of showing the gamma loop as a conjugate line. I have submitted a corrected 
diagram for the final publication of this paper. I am extremely interested in the 
suggestion by Mr. Preston that my results may be interpreted as a determination of 
the solubility limit of chromium in gamma iron as well as the composition of the alpha 
phase in equilibrium with it. I hope that at some time I may be able to extend this 
work so as to verify this interpretation, which I believe to be correct. Mr. Preston 
has inquired about the variation of the parameter of electrolytic iron with the melting 
conditions. I understand that Prof. John T. Norton, at the Massachusetts Institute 
of Technology, has confirmed the result suggested by Mr. Preston, in that it was 
found that electrolytic iron had a slightly different parameter depending upon whether 
it was annealed as deposited, remelted in vacuo, or treated in hydrogen. 
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I believe that Dr, Jones* suggestion concerning the V-shaped groove gives a 
reasonable interpretation of the phenomenon. The fact that this condition is always 
observed at the boundary between adjacent columnar grains would indicate that the 
effect is related to the disorganized condition of the lattice that would be expected 
at this point. I am very pleased that Dr. Jones has submitted the photomicrograph 
showing the double diffusion line. The actual demonstration of a phenomenon that 
could be predicted from other results lends considerable support to the proposed 
theories. I hope that at some time I shall have an opportunity to subject a specimen 
such as Dr. Jones pictures to an X-ray study of the concentration changes. Such an 
experiment should reveal two distinct breaks in the depth-concentration curve. 

Dr. Jones has suggested the use of a more finely ground powder tightly compressed 
around the specimen, in order to produce a more regular diffusion. Several pre- 
liminary experiments were conducted in order to determine the effect of the contact 
between the specimen and powder. Three types of specimens were employed, one 
electroplated with chromium and then packed in powdered material, one sprayed with 
chromium and packed, and one simply packed in powdered chromium. These were 
heated in vacuo under identical conditions and the microstructures indicated no dif- 
ference, either in depth or regularity of the diffusion zone. After this work was 
completed a further experiment was conducted giving results which I believe to be 
most interesting. Two pieces of electrolytic iron measuring approximately 3 by 1 by 
}4 in. were placed side by side and packed in powdered chromium as shown in Fig. 9. 
There was no powdered chromium between the specimens. The materials were then 
heated in vacuo for 96 hr. at 1200® C. After treatment the pieces were cross-sectioned, 
polished and etched. The results were rather surprising in that the penetration of 
chromium was absolutely even on all sides of the specimen, although only three sides 
were actually in contact with the powdered material. Since all materials are solid at 
the temperature of the diffusion process, the results would seem to indicate that there 
is some appreciable vapor phase of chromium present to cause the penetration at the 
inner surfaces. 

At the beginning of this research it was hoped to carry out an X-ray investigation 
of the orientation of the columnar grains. Unfortunately, owing to the difficulty 
involved and the lack of time and facilities, it could not be undertaken. I fully agree 
with Mr. Kelley that such work would be of great value in clearing up the question 
and I have little doubt that the results will show that the orientation of the columnar 
grains bears a definite relationship to the diffusion direction, providing, however, 
that the progress of diffusion involves a phase change such as exhibited by the iron-tin 
and iron-chromium systems, since it was found by Bannister and Jones that no 
columnar growth resulted if the diffusion temperature was outside the gamma- 
loop range. 



Diffusions that Take Place in Iron-silicon Alloys during 
Heat Treatment 


By N. a. Zibglbe,* East Pittsburgh, Pa. 

(New York Meeting, February, 1934) 

CoNsiDERABiiB work has been and is being done on the changes of 
physical properties that take place in alloys at elevated temperatures, 
and much information on this subject is published. Much less is known, 
as pointed out by Rickett and Wood,^ about reactions between the alloys 
and atmospheric gases and still less is known about changes within the 
alloy itself under the influence of heat and given atmosphere. Moreover, 
most of the work published has been done on the alloys of “heat-resist- 
ing'^ type, in which chromium is an essential ingredient, the behavior of 
all other alloys being quite unknown, except perhaps of decarburization 
produced at the surface by oxidizing atmospheres. 

It has been shown® that iron, with total amount of foreign ingredients 
not exceeding 0.01 per cent, if heated in an oxidizing atmosphere at above 
900® C., may be saturated with oxygen to 0.1 per cent. It was suspected 
that something of a similar nature may take place in iron-silicon alloys 
(transformer material), the mechanism of such processes being either a 
direct diffusion of oxygen into the alloy, or oxygen combining with silicon 
to form Si02 or more complicated (silicate) inclusions. Another possi- 
bility to be considered was that during annealing in oxidizing atmos- 
pheres, when scale is being formed, silicon may oxidize preferentially at 
the surface, thus impoverishing the alloy in silicon. In collaboration 
with Dr. T. D. Yensen,^ the writer set out to investigate this problem 
about two years ago in order to settle these questions. 

Testing Procedure 

In the first part of the investigation, two pieces of 4 per cent silicon 
iron, prepared in hydrogen atmospheres and forged to M-in. square bar, 
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AX-4A and AX-4B, were kept in air at 1100° C. for 10 hr. (Table 1, 
Fig. 1). After the heat treatment, scale was removed from the surface of 
the sample and analyzed separately. From all six surfaces of each sam- 
ple, plates in- finch were machined off and called “first cut.” Then 
a “second cut” and a “third cut” were prepared in a similar way. By 
analyzing each “cut” separately, the difference in chemical composition 
could be determined from the surface to the center of the heat-treated 
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Fro. 1. — Diffusion cubvbs, fobobd bars of 4 phr cbnt silicon iron. 

sample. The homogeneity of the chemical composition of the original 
bar (before the heat treatment) was determined by taking chemical 
analysis in several different places. As indicated by Table 1 and Fig. 1, 
the variation in the chemical composition of the heat-treated samples is 
within experimental error. 

Attention was concentrated on the behavior of silicon and carbon in 
silicon iron during annealing in different atmospheres. For this reason 
a set of samples (AX-4B-1, AX-4C, AX-4E, AX-4F, AX-4G, AX-4H, 
similar to the first two) were prepared from the same material and 
aimealed in different atmospheres (Table 1 and Fig. 1). After the heat 
treatment, scale was removed from each sample (whenever it was formed) 
and analyzed separately, and each sample was split into “cuts” and 
analyzed for silicon and carbon. From Table 1 and Fig. 1 it will be seen 
that the homogeneity of the silicon content within each sample is not 
changed by heat treatments. The carbon content, on the other hand, 
is reduced at the surfaces of the samples by heat treatments in oxygen 
and hydrogen atmospheres. Vacuum heat treatment does not affect 
carbon content to any great extent. 

Although the results described so far indicated that the chemical 
composition of silicon iron does not change during heat treatments, this 
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question was of such great importance that it was decided to repeat 
the same experiments with as-cast material, not 
subjected to any previous mechanical or heat 
treatments. For this reason two 60-lb. melts 
with 2 and 4 per cent Si were prepared in, an 
induction furnace in hydrogen and solidified in the 
crucibles. Each ingot thus obtained was 
machined down to a cylindrical shape and a 
central hole was drilled through to remove any 
possible pipe segregations. Each cylindrical 
shell thus obtained was cut into rings and each 
ring into segments. (Fig. 2.) 

Two segments from the opposite ends of each 
ingot were machined into ^ 'cuts'' and analyzed 
for siHcon, carbon and oxygen as before. The 
analytical results (Table 2, Fig. 3) indicate that 
the chemical homogeneity of both ingots was quite 
satisfactory. 

Four segments were taken from each ingot 
and subjected to 24-hr. heat treatments in air, vacuum and hydrogen 
at 1100^ C. and in oxygen at 1000® C. (oxygen at 1100® C. oxidizes the 



F I G . 2 . — M A N N E R OP 
GUTTING SAMPLES. 



Fig. 3. — ^Dippusion curves, samples op 2 and 4 per cent silicon iron (ingot 

material). 

iron-silicon alloys completely). After removal and analysis of the sur- 
face scale, each heat-treated sample was split into "cuts" as before and 
analyzed for silicon, carbon and oxygen. Results given in Table 2 and 
Fig. 3 indicate that the chemical homogeneity during the heat treatments 
is -maintained constant, except that carbon is reduced at the surface of 
samples annealed in hydrogen Or oxidizing atmospheres. 

Tables 1 and 2 show that generally the scaled are lower in silicon than 
the original material on which they were formed* It was noticed, that. 














Table 2. — Diffusions in Ingot Material of 2 and 4 Silicon Iron 
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in all cases, between the outer scale crust and the unoxidized material 
there is a thin, pinkish-white layer. Usually the amount is so small that 
analysis of it is quite impossible, and only in scale AX-13 J (Table 2), 
which was oxidized to a greater extent than the rest, was this layer found 
in quantities sufficient for chemical analysis. It was found to be 21.5 
per cent silicon, which is fairly close to the chemical formula FeSiOa 
(FeSiOa contains 21.2 per cent). This layer probably acts as a film, 
protecting the underlying material against further oxidation (or con- 
tamination with oxygen). 


Conclusions 

Although the results described are in general of a negative character 
a few interesting conclusions may be deduced from them: 

It appears that no appreciable diffusion resulting in a change of 
chemical composition takes place in silicon iron during heat treatments. 
On the basis of these results some of the previous observations in regard 
to oxidation and decarburization during annealing under oxidizing condi- 
tions (2 and 3) may be explained. When unalloyed iron is subjected to 
an oxidizing heat treatment, iron oxide scale is formed on the surface, 
but there is nothing to prevent oxygen atoms from diffusing into the 
metal and saturating it, if heated to a sufficiently high temperature. On 
the other hand, in silicon alloys (with at least 2 per cent silicon) a film of 
iron silicate will be found on the surface, acting as a barrier to the diffusion 
of oxygen atoms into the alloy. This film, apparently, does not interfere 
with the diffusion of carbon atoms (present in the alloy) to the surface, 
where they react with oxygen to form CO and thus escape from the alloy. 
In other words, this film, rich in silicon, acts as a one-way barrier; it 
prevents oxygen from diffusing into the alloy but does not prevent the 
diffusion of carbon to the surface. 
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DISCUSSION 

(y. N. Krivohok presiding) 

W. E. Rxtdbb,* Schenectady, N. Y.— Mr. Ziegler, in his usual careful manner, has 
done a nice piece of work here, but in one connection our experience has been very 
different. We have found it possible, under certain limited conditions, to lose as 
much ^ 2 per cent of silicon from an ironnsilicon alloy oif the usual transformer type 
by hydrogen annealing. When an iron^-silicon alloy in the form of thin sheets is 
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annealed in close proximity to but not in actual contact with unalloyed iron at tempera- 
tures of 1100° to 1200°, about the range used by Mr. Ziegler, and in hydrogen, silicon 
is very rapidly lost from the silicon-iron alloy. 

These conditions, of course, are entirely different from those Mr. Ziegler used in 
his experiments. This was rather puzzling, since we had previously found a lack of 
diffusion similar to that Mr. Ziegler speaks of. The explanation may be that silicon 
hydride is formed, but, being very easily decomposed at that temperature, can travel 
only a very short distance. As soon as it touches the unalloyed iron it decomposes, 
for the silicon content of the unalloyed iron increases almost but not quite so much as 
the silicon alloy loses. It was rather surprising because at that temperature we did 
not expect silicon hydride to exist, even temporarily. Of course, I do not know that it 
really does, but that is the only explanation I have for that unusual transfer of silicon. 
The same thing happens in some other alloys, although we have not followed it up very 
closely. Aluminum will do the same thing, perhaps a little more easily. 

In view of Mr. Ziegler’s conclusion that the iron silicate that forms on the surface 
prohibits the diffusion inward of the oxygen, I wonder what his explanation is for the 
continued loss of magnetic quality with time when silicon steel is annealed in a hydro- 
gen atmosphere that contains only small quantities of water or oxygen. 

The only explanation we can make for this deterioration of quality with time is 
that the silicon becomes slowly oxidized as oxygen diffuses inward. If that is not the 
case, I wonder what does cause the steel to become increasingly worse with time of 
anneal when the temperature is higher than that at which solution of. oxygen in iron 
becomes appreciable; that is, somewhere around 850° C. 

P. H. Brace,* Pittsburgh, Pa. — Not being as well versed in some of these things 
as Mr. Ziegler, I can only hazard a guess. It is probable that these results may not 
be measuring the quantities involved with sufficient refinement. 

A number of years ago it was believed that carbon was insoluble in steel below a 
certain elevated temperature. Dr. Yensen found, as he pushed his refinements of 
carbon determination and elimination further and further, that carbon actually was 
soluble in very small quantities even at room temperature. When he began to elimi- 
nate this solid solution carbon, a number of new and very important facts about the 
magnetic possibilities of materials were revealed. 

It is possible that in this case Mr. Ziegler may have been dealing with a very minute 
solid solubility of oxygen in the silicon-iron alloy. Considerable refinement may be 
necessary to detect and quantitatively tie this together with magnetic peculiarities 
where composition variables are beyond the reach of our present laboratory skill. It 
is almost axiomatic that everythiug has some solid solubility in everything else. It 
may be that in this case the limit is beyond our capabilities of measurement, while 
still high enough to affect magnetic quality. 

The mechanism might be visualized as the diffusion of oxygen into the specimen, 
oxidizing silicon in situ^ so to speak, and setting up “stranger molecules” (or what 
others might term colloidal particles) of SiOa interspersed throughout the iron-silicon 
alloy lattice. The resulting lattice strains then being regarded as responsible for poor 
magnetic properties. I imagine Dr. Ruder can comment on the plausibility of such 
a theory better than I. 

J, ALBXAm>BB,t New York, N. Y. — ^Without commenting upon the paper directly, 
it may be worth while to mention a certain phenomenon that has been called to our 
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attention by Professor Beehhold, of Frankfort, in connection with some other material. 
He found, for instance, that if a block of plaster of paris is immersed in a solution of 
copper sulfate, the block becomes uniformly colored blue throughout, showing that 
the copper sulfate is uniformly dispersed in the block. If such a block of plaster of 
paris is dried out and then broken, tests show that practically all of the copper sulfate 
has diffused to the periphery. The soluble copper follows the water as it 
diffuses outward. 

I wonder whether anyone present can see an application of this principle in the heat 
treatment of the alloy of the character mentioned. I am not certain myself just what 
chemical changes might be responsible for the equivalent of a diffusion of solutes, but 
it is quite conceivable there would be progressive chemical changes, which would lead 
certain of the materials toward the surface. 

V. N. Krivobok,* Pittsburgh, Pa. — It seems to me that a number of things that 
have happened lately would seem to make it incumbent upon someone to raise a 
challenge to the analytical chemists. I think we must bring our analytical methods 
to greater refinement if we are going to get the real answer, and I issue a challenge to 
the analytical chemists to start this work. 

A. SAuvEURjt Cambridge, Mass. — ^We are told that the carbon content decreases 
sharply at different levels from 0.001 to 0.003 per cent. I wonder what that means. 
If a chemist reported that he found 0.001 and 0.003 per cent carbons, I should consider 
that a very good check. Perhaps I am not acquainted with the analytical methods 
by which such minute differences may be detected in such a way that they have 
real significance. 

J. Alexander. — Frequently the end products found when the metal is cool may 
be quite different from the products that exist when the temperature is elevated. 
It frequently happens in the course of biological reactions that it is exceedingly difficult 
to determine analytically what the immediate products are. Anyone who will look 
up the work that has been done in Cambridge on the behavior of muscle will realize 
how exceedingly difficult it is to deal with things at different temperatures to determine 
the sequence of chemical changes by which a certain compound is transformed into 
other compounds. Possibly the X-ray spectrometer may be useful in determining 
what compounds exist at elevated temperatures. 

N. B. Filling,! Bayonne, N. J. — ^The brief reference to the analytical methods 
used refers to some previous paper. I am not familiar enough with that to recognize 
it by title, but I would like to ask if the method used was one that would reduce 
Si 02 at very small concentrations. 

P. H. Brace. — Mr. Pi l ling has asked whether our method of determining oxygen 
t^ds to reduce Si 02 and report as oxygen the portion that is bound up with silicon as 
Si02 in the alloy. I think it is quite possible, because the carbon reduction and the 
hydrogen reduction method will bqth tend to report as oxygen the oxygen bound in 
silica. The following experiment was tried in our laboratories. We took some thin 
plates of iron, low-carbon, stacked them up in sandwich fashion with a little pure 
silica between, heated them to about 1200® C. while passing hydrogen over them. 
The result was that there was silicon pickup in the steel amounting to several tenths 
of a per cent in a short time. In other words,, hydrogen in the presence. of iron will 
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reduce silica, and fairly readily, so that oxygen reported in this paper probably includes 
oxygen combined with silicon as silica. 

That has a bearing on Mr. Ruder’s question and I would like to return one to him. 
When your silicon sheets are annealed in such a way as to deteriorate their magnetic 
properties, do you find changes in physical properties, such as intracrystaUine brittle- 
ness, which would indicate stranger atoms or stranger molecules arranged in some 
regular way, as by substitution in the alloy lattice? 

W. E. Ruder. — Not necessarily. I cannot answer that completely because I 
do not know all the causes for brittleness in silicon steel. It is true, however, that 
silicon-steel sheet, improperly annealed, will sometimes be very brittle even though 
it has as little as 2.5 per cent of silicon. Such conditions I have ascribed to some 
sort of mechanisms such as you have described, possibly to an oxidation of the silicon 
in the alloy, and in most cases quite definitely to intracrystaUine carbide precipitation. 

I can corroborate what you have said about the reduction of silica by hydrogen. 
I would like to see some careful research work done on that particular problem. I 
do not think that the reduction is complete, at least from my experience, but I am 
sure that a considerable amount of silica may be reduced in the presence of iron if 
the temperature is, say, above approximately 1200® C. I do not believe it happens 
much below that temperature, but the reduction seems to be quite complete at 1300® C. 
We have made some experiments, but do not consider them to be sufficiently accurate 
to be considered quantitative. 

There is another question that I would like to ask Mr. Brace. There has been 
a good deal of talk in the literature from various sources and in various connections 
recently about the reduction of the carbon in an alloy by means of hydrogen. I 
believe Cioflfii said something about reducing carbon and getting high magnetic results 
in silicon-iron alloys by using a moist hydrogen atmosphere, and that he found it 
better than dry hydrogen. While this may be true for unalloyed iron, it is contrary 
to our experience with silicon iron. 

Mr. Ziegler shows here that he reduces carbon considerably by annealing in 
hydrogen at 1100®. Have you found a temperature below which carbon is practically 
not reduced by hydrogen? We have never been able to show that carbon in these 
low-carbon alloys will be reduced appreciably at. temperatures below approximately 
900® C. As you get to 1100® C., or above, the carbon reduction is comparatively 
rapid. I wonder if that agrees with your experience. 

P. H. Brace. — think the experience of our laboratory agrees in general with 
that of Mr. Ruder^s. In most of the work on the preparation of magnetic materials, 
laboratory work at least, temperatures above 900° have been used, in order to get 
speed and completeness of carbon removal. 

The matter of whether the hydrogen is dry or not — ^that is, what amount of 
moisture is required or what amount is permissible — ^is the thiug that is not yet well 
worked out. 

In a paper presented some time ago Dr. Austin described his experiments with 
high-carbon steels. He found that in moist hydrogen he could get very complete 
decarburization. In an ordinary 1 per cent carbon steel, he got carbon contents down 
to the order of 0.02 per cent. With dry hydrogen he got some decarburization at 
temperatures of 850® at periods of 55 hr. With a few milligrams of water per cubic 
foot of hydrogen he got less decarburization than he did with very carefully dried 
hydrogen. We think our experimental technique was sound. It has been' tried 
on plain carbon steel and the 1 per cent chromium carbon steel, each containing about 
0.9 carbon, so there is apparently an inversion in the effect of hydrogen on the removal 
of carbon as the water vapor is increased from a very low value to something of the 
order of milligrams per cubic foot. We have no explanation for that. 
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S. L. Hoyt,* Milwaukee, Wis. — Running through this paper and the discussion, 
there has been a line of thought which involves the behavior of an iron containing 
silicon when exposed to an oxidizing atmosphere, or in general the question of the 
interpretation of data. In that connection, an experience I had a short time ago 
may be of interest. 

In connection with a study of foreign inclusions, I secured a sample which to 
the best of my knowledge and belief was free from all foreign inclusions. Very 
fortunately it turned out to be that way because this was the carburized iron regulus 
from a vacuum fusion for oxygen determination. At that time Dr. Reeve was working 
on this problem for us, and as a check on the work that he was doing, we examined 
some of the carburized iron samples. 

First of aU I wanted to do a little work on inclusion-free material and naturally I 
did not want some 4 per cent of carbon in the sample. So I then put it through a 
hydrogen treatment somewhat the same as already has been described here. The 
sample was in an alundum boat on silica, and was heated at first to a temperature 
below the milling point of the cast iron and later on to nearly the melting point of 
iron for quite a long time. 

This tune, upon examinmg the sample, I found that it was no longer free from 
inclusions, and their identification showed that they were high-silica inclusions or 
silicates. 

To make the matter doubly sure, Dr, Reeve took the treated sample, ran it again 
through his fractional oxygen determination and reported large amounts of oxygen 
as S 1 O 2 . 

It seems to me that that has a bearing on some of the discussion we have heard 
here today, and it raises the question: Is it possible for solid iron to dissolve a material 
like silica? E. C. Bain, in a recent lecture, published a photograph of a steel sample 
that contains some silicon which had been heated in an oxidizing atmosphere. This 
sample showed inclusions of the type I have mentioned. I believe the explanation 
given was that oxygen diffused in and was precipitated as silica, but that is not exactly 
compatible with the experiment run in hydrogen of which I have just spoken. 

On several other occasions it has appeared that iron actually absorbs solid non- 
metallic impurities by some such process as I have mentioned. In one case a bar of 
steel was simply heated in a forging furnace, and this sample of steel was found to 
have a somewhat peculiar surface. A test showed that parts of it were abnormal, 
whereas the steel by and large was perfectly normal. A microscopic examination 
showed that the steel contained both iron oxide inclusions and silica inclusions. 

If Mr. Brace has any information on this subject, it seems to me it would be of 
general interest, even in connection with a paper of this kind, which apparently 
relates to something quite different. 

J. J. B. RuTHBRFOEDjt Keamy, N. J. — Mr. Ziegler has conducted an oxygen 
annealing experiment on a 4 per cent silicon alloy, and finds by the consistency of 
his analysis that apparently there is no diffusion of silicon, yet in the oxide scale of 
the same material he finds 21 per cent silicon. This would seem to me an indication 
of diffusion of silicon to that oxide layer of the scale. 

P. H. Brace. — In response to Dr. Hbyt, I mighi ask this question, and he might 
answer it immediately. How dry wa^ your hydrogen? 

S. L. Hoyt. — The hydrogen was not particularly dry; it had water vapor in it. 


* Research Metallurgist, A. O, Smith Corporation, 
t Research Laboratories, U. S. Steel Corporation. 




DISCUSSION 


189 


P. H. Bkace, — I would suggest this possibility: That during the early stages of 
decarburization, the high-carbon iron plus the hydrogen caused reduction of silicon 
and diffusion of the silicon into the alloy. The subsequent oxidizing anneal allowed 
oxidation of some of the silicon by moisture in the hydrogen after the carbon had 
gone. Of course, that again brings up the question of diffusion of silicon. 

The last question is a very pertinent one. In the absence of data on the analysis 
of the outer layers of the scale, it is impossible to say whether or not the silicon in the 
pinkish layer had accumulated there and represented all the silicon in all the metal 
that was oxidized, or whether there was some slight diffusion of silicon from the alloy 
very close to the surface. I think that whatever may be the facts as to the diffusion 
of silicon, we can say that it is very much less rapid than that of carbon. We can 
homogenize silicon alloys, which indicates that there is a certain slow diffusibility, 
but I think that considering the depths to which Mr. Ziegler went with his exploratory 
sampling and the ratios of the changes in composition due to annealing, he shows 
clearly that the carbon is far more mobile in iron-silicon alloy than is the silicon, and 
that within the limits of this experiment and the precision of analyses, the iron- 
silicon alloy oxidizes in such a way that relatively little preferential oxidation of 
silicon occurs. 

S. L. Hoyt. — Were those samples examined microscopically? 

N. A. Ziegler (written discussion). — Mr. Ruder^s observations of diffusion of 
silicon from silicon iron into pure iron are very interesting, and his own explanations 
of this phenomenon do not need any further comments. In regard to decreasing 
magnetic quality of silicon iron with prolonged time of annealing, we find that anneal- 
ing, even in slightly wet hydrogen, improves the magnetic properties up to certain 
values beyond which they remain nearly constant. Our experiments also indicate 
that silicon iron may be considerably improved magnetically by annealing at 1400® C. 
in hydrogen, but the values of maximum permeability and hysteresis have so far not 
reached the values attained with unalloyed iron. I regret to say that we do not have 
accurate data as to the minimum temperature at which hydrogen will reduce carbon 
in iron and silicon iron, but I believe that below 900® C. the elimination will be 
very slow. 

Mr. Alexander’s statement in regard to diffusion of copper stilfate through the 
plaster of paris is very interesting. I am not familiar with anything similar occurring 
in metallic alloys. 

Replying to Dr. Sauveur’s and Mr. PiUing’s questions, it may be stated that the 
'^Yensen” method of carbon analysis, accurate to within +0.0005 per cent C., was 
used throughout this investigation. Oxygen was determined by our modified graph- 
ite-vacuum-fusion method, which completely reduces all common oxides such as iron 
oxide, silicon oxide, titanium oxide and aluminum oxide. 

Mr. Hoyt’s information deserves a great deal of consideration. It is possible 
that silica inclusions were present in the metal he describes at the beginning and that 
these were reduced by the carbon, oxygen being removed and silicon remaining 
dissolved in the iron, but probably segregated. When this metal was heat-treated 
in a hydrogen atmosphere, the small amoimt of oxygen may have diffused into the 
decarburized iron, oxidizing the silicon and precipitating it as oxide inclusions. This 
suggestion is offered only as a possibility. A great deal of work is required to answer 
it definitely. 

Replying to Mr, Rutherford’s remark, it is necessary to be reminded that 21 per 
cent s^con was found only in the thin nonmetallic layer found in small amounts in 
the surface of the sample, under the metallic scale. The metallic scale itself was 
considerably lower in silicon than the sample. Consequently, silicon in the non- 
metallic layer came, not from the sample, but from the metallic scale. 
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Austenite is often defined as a solid solution of carbon or carbide in 
a nonmagnetic form of iron. Conversely, magnetic measurements are 
often used by investigators for the purpose of detecting the degree of 
austenite decomposition after an iron alloy has been subjected to certain 
thermal or mechanical treatments. Association of the magnetic state 
with the gamma-phase decomposition is often extended to the alloys 
of iron with elements other than carbon. Definition of austenite as a 
nonmagnetic solid solution cannot be accepted in the light of available 
information without certain reservations. The relation of magnetic 
transformations with the gamma-phase decomposition in the complex 
alloys of iron has never been rigorously proved. 

The present investigation deals primarily with the magnetic trans- 
formation that occurs in carbon steels during the quenching process. 
The work was further limited to a study of magnetic transformation in 
carbon steels quenched at such rates as are necessary to retain the product 
of austenite decomposition in a martensitic state. 


Previous Work 

Considerable information has accumulated in the literature with 
respect to the magnetic transformation in alloys of iron, but nearly all 
of it relates to transformations under the conditions of equilibrium 
between the phases of the alloy. Earlier studies of Hopldnson,J^^^ 
Curie, and Honda^®^ are well known. Investigations of the magnetic 
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transformation in the alloys of iron during the quenching process have 
been neglected. The author is not aware of any work dealing with that 
subject except that of Lewis^^^ who demonstrated that an 0.80 per cent 
carbon steel is retained for a period of a few minutes in a nonmagnetic 
state after quenching in a molten salt bath. He investigated principally 
the recovery of magnetism in the steel on air cooling after the hot-bath 



quench. The thermal studies of the quenching process by French^®^ 
and by Esser and his co workers were of great assistance in the pres- 
ent investigation. 


Apparatus 

To study the magnetic transformations in steel during the quench- 
ing process required the ,gonstruction of a suitable apparatus, since 
available methods for the thermomagnetic analysis were ill suited for the 
conditions existing during the quenching. The following requirements 
were considered necessary for a suitable apparatus: 

1. The specimen should be as short as possible because the tempera- 
ture was to be measured with a thermocouple at a single point. A long 
specimen is subject to uneven distribution of temperature and related 
magnetic changes during quenching. It was realized that the accuracy 
of magnetic measurements would be sacrificed with a short specimen, but 
the absolute magnetic values were considered of secondary importance. 

2. Specimens should be as free as possible from the encumbering 
effect of necessary coils which woxild affect the rate of cooling dur- 
ing quenching. 

3. The apparatus and recording devices should be of a low period, 
so as to respond to instantaneous magnetic and thermal changes dur- 
ing quenching. 
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The principal features of the apparatus^ constructed to satisfy these 
requirements were as follows: 

1. Employment of an alternating flux of 60 cycles per sceond. 



Fig. 2. — Gbitbbal view of fuenace. Note the pbimart coil outside the 

fubnaoe. 

2. The use of a triod tube amplifier to raise the voltage induced in the 
detecting coil of the apparatus to a measurable degree. 

1 The apparatus thus constructed resembles in certain features one described by 
EEoughton in the Jnl. of JSc. Instr, (1931) S, 7. Th^e is ho record that Houghton 
designed or used his apparatus for quenching e3qperinieats. The author's apparatus 
was in operation at least two years previous to the appearance of Houghton's article. 
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3. The use of a d.c. galvanometer for measurement of the output 
of the amplifier when the apparatus was used for equilibrium runs. 

4. The use of an oscillograph for quenching runs. 

The details of the apparatus can best be illustrated by the diagram 
(Fig. 1) showing all electrical connections. 

The primary coil, also shown outside the furnace in Fig. 2, consisted 
of 300 turns of No. 18 gage copper wire. The arrangement of the coil 



Fig. 3. — Furnace and coils in quenching position. Primary coil outside the 

QUENCHING BATH (BEAKER), SPECIMEN, AND THE SECONDARY COIL IN THE BATH. 

was such as to allow it to remain cool during the heating of the specimen 
and dry during quenching (Fig. 3). The primary coil was connected 
to a 110-volt, alternating, 60-cycle line. Selection of low frequency for 
excitation of the flux received serious consideration. Little information 
is available on the behavior of iron alloys in the high-frequency flux at 
elevated temperature. Experiences of Regner^^^ with high frequencies 
seemed to justify the use of low frequencies in the present investigation. 

The heating coil of the furnace was noninductively wound on an 
alundum tube 1.75-in. bore, 12 in. long. The long heating coil was 
considered necessary to insure uniform distribution of temperature 
throughout the specimen. 
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The secondary or detecting coil consisted of 4.5 turns of No. 8 con- 
stantan wire; it was situated inside the heating unit during heating 
and was quenched together with the specimen. The secondary coil was 
of sufllcient dimensions to allow a free circulation of the quenching 

medium (Fig. 4). The primary and 
secondary coils and the specimen 
holder, together with suitable guides, 
formed a framework which insured 
their relative vertical movement with 
respect to the stationary furnace. 
The specimen and the coils were kept 
in the same relative position during 
heating or quenching. 

The amplifier was a standard, 
resistance coupled, audio-type, three- 
stage amplifier, commonly used in 
radio circuits. All tubes used in the 
circuit were of UX-201-A type. The 
fourth tube was used as a rectifier for 
the d.c. galvanometer, when the appa- 
ratus was employed in the equilibrium 
runs. 

The type of the temperature-mag- 
netization curve obtained with the 
apparatus under conditions of equili- 
brium is shown in Fig. 6. The curve 
is characterized by a practically hori- 
zontal section up to the magnetic 
transformation point, then by a sharp 
break and quite a sharp ending of the 
vertical drop without appreciable 

Pig! 4.-SracmBN used in equiI rounding. The type of the curve thus 
LiBEiiTM RiTNs, SPECIMEN HOLDBK, AND obtained was obviously eminently suit- 
THE SECONDAHT COIL OF 4.6 TURNS. ablcfoi the puipose ofthis investigation. 

Quenching experiments required an oscillograph for recording the 
output of the amplifier and for recording the temperature of the specimen. 
French and Esser^®^ used a string galvanometer in their investigation 
of the quenching process. Two vibrators were required for the present 
investigation. The difiSculties of operating string galvanometers are 
well known and certainly would multiply with an instrument provided 
with two vibrators instead of one. A suitable instrument was found in 
an oscillograph of Blohdel type, having two vibrators whose character- 
istics are given in Table 1. 
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Table 1. — Characteristics of the Oscillograph Vibrators 


Vibrator 

Used in 

Current per 

Inch Deflection, 
Amp. 

Natural Preq., 
Cycles per 

See. 

Resistance, 

Ohms 

1 

Thermocouple 

circuit 

0.002 

1300 

8 

2 

Amplifier circuit 

0.006 

3000 

8 


A chromel-constantan thermocouple was eventually adopted in the 
following experiments. A chromel-alumel combination was found 
undesirable on account of a magnetic transformation in alumel at about 
138° C. Noble thermocouples were not suitable because their e.m.f. was 
too low to operate the oscillograph vibrator. 



Temp^raturc ^ Deg. C. 

Pig. 5. — Typical time-magnetization curve obtained under equilibrium 

CONDITIONS. 

The size and the methods of attaching thermocouples to the specimen 
were next investigated. Welding of the thermocouples to the specimens 
was found to be the only suitable method. The difficulties of welding 
small thermocouples to the specimens with makeshift welding equipment 
forced adoption of relatively large wires, No. 14 gage (0.065 in.). These 
were welded to the samples in the manner illustrated in Fig. 6, the 
specimen itself forming the hot junction of the thermocouple. 

In the present work, the author followed the example of French and of 
Esser in assuming that the temperature indicated by a thermocouple 
welded to the specimen represents the surface temperature of the specimen 
during quenching. It will be seen, in the light of the results presented 
later, that this fine distinction with respect to the exact temperature of 
the specimen during quenching is not so important for drawing 
the conclusions. 
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Preliminary Work 

The preliminary work consisted of a series of experimental runs in 
which the magnetic transformation was studied under conditions gen- 
erally termed as those of equilibrium. Their object was, first, to investi- 
gate the performance of the apparatus; second, to compare the results 
thus obtained with available results of other investigations; and finally, 

to draw conclusions with respect to the 
relationship between the magnetic and 
phase transformations in carbon steels 
heated and cooled under conditions 
of equilibrium. 

The results of the equilibrium runs can 
be summarized as follows: 

1. The magnetic transformation point 
Ac 2 begins and ends distinctly above the 
Aci point on heating steels containing 0.50 
per cent or less of carbon. Point Ar 2 , on 
cooling, begins and ends distinctly above 
the phase transformation point Ari for 
these steels. 

2. The magnetic transformation Ac 2 , 
on heating steels containing 0.60 per cent 
or more carbon, starts and is practically 
completed at the temperature of the Aci 
point, the end of the Ac 2 point occurring 
at a temperature only slightly above the 
Aci point. On cooling, these steels 
exhibited a supercooling effect. The mag- 
netic transformation point Ar 2 in steels containing 0.60 per cent or more 
carbon was invariably observed to begin at the bottom of the supercool- 
ing loop of the time-temperature curve and to end approximately in the 
middle of the Ari transformation. 

Materials Used in Quenching Experiments 

Time and facilities were not available for the preparation of iron- 
carbon alloys of high purity. The term purity'^ in connection with 
iron alloys is a relative term. The iron-carbon diagrams in general use 
today are not based on data obtained with materials of extreme purity. 
The materials, therefore, for the experiments to be described were bought 
in the open market, and were in the form of round or square bars. 
Composition of the materials used in quenching experiments is given 
in Table 2. 



Tig. 6. — Thermo coxjpiiB 

WIRES WELDED TO THE SPECIMEN 
FOR QUENCHING RUNS. 
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Table 2. — Chemical Composition of Materials Used in Quenching 

Experiments 


Material 

C 

Mn 

Si 

s 

P 

Electrolytic iron 


Not analyzed 


Armco iron 


Not analyzed 


Steel 

0.19 

0.65 

0.15 

0.073 

0.017 

Steel 

0.45 

0.65 

0.04 

0.033 

0.008 

Steel 

0.67 

0.78 

0.10 

0.034 

0.047 

Steel 

0.85 

0.38 

0.10 

0.047 

0.012 

Steel 

1.03 

0.27 

0.18 

0.005 

0.005 

Steel 

1.12 

0.22 

0.19 

0.011 

0.013 

Steel 

1.19 

0.22 

0.15 

0.006 

0.015 


Quenching Experiments 

Preliminary experiments with solid specimens immediately showed 
that the magnetic transformation during quenching was spread over a 
considerable range of temperature, and a relatively long interval of time. 
It was thought at first that the observed phenomenon was due to the 
existence of a temperature gradient in the solid specimen during quench- 
ing, the presence of which, during quenching, had already been demon- 
strated by French. To minimize the gradient, the mass of the 
specimens was progressively diminished by drilling a larger and larger 
hole along the axis of round specimens. Drilling a hole also increased 
the surface subjected to the action of the quenching medium. Further 
experiments with tubular specimens showed very little difference com- 
pared with the solid specimens. 

To settle the question as to the influence of the mass of the specimen 
on the spread of magnetic transformation over a range of temperature, 
an experiment was performed by quenching a specimen having a very 
small mass. The sample used in this experiment was a piece of iron 
thermocouple wire, of 0.064 in. diameter, % in. long. The sample was 
welded on both ends to chromel and constantan thermocouple wires of the 
same diameter. With a velocity of quenching of about 6000° C. per 
second, it required about 0.125 sec. to complete the magnetic transforma- 
tion with this sample. The spread between the beginning and the end of 
magnetic transformation was about 500° C. The experiment just 
described quite conclusively demonstrated that, with a specimen of very 
small mass and with high rates of quench, the magnetic transformation is 
spread over a considerable range of temperature and over a considerable 
interval of time. It was concluded, also, that no benefit could be 
expected from decreasing the mass of the specimen with the object of 
confining the magnetic transformation to a narrow range of temperature. 
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The specimens used for a series of quenching experiments described 
below were made in tubular shape, 2 in. long, ^4 in. outside diameter, 
with wall thickness of 6 inch. 

Quenching was carried out in the stationary bath. Tap water, 
de-aerated distilled water, and brine were all tested, but the first two 
were soon discarded as quenching mediums. Time-temperature cooling 
curves obtained with water as quenching medium showed certain well 
developed stops which could easily be accepted as the Ar" points. Obser- 
vation that they occurred at the same temperature and extended for the 
same length of time with electrolytic iron as with high-carbon steel led to 
the conclusion that the stops were caused rather by the quenching medium 
itself than by the evolution of heat due to the suppressed phase trans- 
formation. . Magnetic changes were not related to these stops, A 20 per 
cent solution of sodium chloride in water was finally adopted as a quench- 
ing medium; the smooth cooling curves with this medium were free from 
any stops that could be mistaken for the depressed transformation points. 
Absence of the thermal indication of the phase transformation when using 
brine precluded the establishment of the relationship between the magnetic 
and the phase transformations in steels. 

Another important observation must be recorded. A sample of steel, 
repeatedly quenched, showed the temperature at the beginning of mag- 
netic transformation to be invariably higher on the second and following 
quenches than on the first quench. The data in Table 3 illustrate 
this point. 


Table 3, — Temperature at Beginning of Magnetic Transformation on 

Repeated Quenching 


Steel, Per Cent C 

1st Quenoh 

2d Quench 

3d Quench 

0.67 

520 

620 

630 

0.85 

470 

570 

550 

1.03 

375 

500 

500 


It was thought at first that the phenomenon was due to slight decar- 
burization of specimens, notwithstanding illuminating gas protection 
during heating. But it was repeatedly observed that the second and the 
following quenches agreed reasonably well one with another but disagreed 
with the first. Agreement between the second and the following quenches 
apparently excludes decarburization as a possible cause of raising the 
beginning of the magnetic transformation. 

The end of the magnetic transformation was not greatly affected by 
previous quenches. The observations here recorded were not further 
investigated at this time. For the reasons just stated, the data presented 
in Table 4 were obtained for originally annealed samples on the first quench. 
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Table 4 contains the results of quenching experiments with steels 
of which the chemical composition is given in Table 2. The conditions 
under which the data were 
obtained are specified, and the 
data of Table 4 are presented 
graphically in Fig. 7. 

The terms beginning^' and 
'^end^’ of magnetic transforma- 
tion, as used in Table 4, need 
explanation. The changes in the 
magnetic state of the specimens 
were derived from measurement 
of the amplitude of the 60-cycle 
wave recorded on the oscillograms. 

With specimens of carbonless 
iron or with low-carbon steel, 
the changes in the amplitude at 
the beginning and end of magnetic 
transformation were sharp and definite. With medium or high-carbon 
steels, the beginning of the magnetic transformation was also 



.2 4 .G ,3 JO 12 

Carbon Content of StseJs 

Fig. 7. — Beginning and end op mag- 
netic TRANSFORMATION IN CARBON STEELS 
ON BRINE QUENCHING. 


Table 4. — Data on Quenching Tests 


Material 

Carbon, 

Per Cent 

Beginning of 
Transformation, 
Deg. C. 

End of 

Transf ormation, 
Deg. C. 

Electrolytic iron 


800 

250 

Armco iron 


800 


Steel •. 

0.19 

675 

150 

Steel 

0,45 

630 

100 

Steel 

0.67 

520 

50 

Steel 

0.85 

470 

50 

Steel 

1.03 

375 

50 

Steel 

1.12 

310 

100 

Steel 

1.19 

250 

100 



Experimental Conditions 

Alternating flux of 60 cycles per second. Induction about 200 gausses. 

Specimens in form of tubes, ^ in. outside diameter, 2 in. long, H ib* bore, He in. 
wall thickness. 

Chromel-constantan thermocouple welded to the specimen. 

Quenching medium stationary solution of 20 per cent NaCl. 

All specimens quenched from initial temperature of 950° C. 

Specimens protected from scaling with illuminating gas. 

Rate of cooling for temperature drop from 800° to 700° C. (Esser's method), 
750° C. per second. 

Data in the table relate to the first quench. 
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quite readily detectable, but its end was not easily discernible. 
The amplitude of the 60-cycle wave increased in these steels from 
the ^'beginning’' of the transformation almost proportionately 
with drop in temperature; then at the “end” of the transformation the 
rapid rate gradually changed to a very slow one. Under these conditions, 
the “end” of the magnetic transformation, as recorded in Table 4, 
signifies a temperature at which a rapid rate of magnetic recovery changed 
to a relatively slow one. It was apparent from examination of oscillo- 
grams that the “end” of the magnetic transformation is a relative point. 
The magnetic aging effect was apparent in the oscillograms for a period 
of a few seconds after completion of quenching. Magnetic aging effect 
in quenched steel is known to proceed for days, weeks, and even months. 

Discussion 

Determination of the magnetic transformation in carbon steels under 
conditions of equilibrium leads to the conclusion that a close association 
of magnetic transformation with the phase transformation exists only for 
steels containing 0.60 per cent or more carbon. In carbon steels con- 
taining less than 0.60 per cent carbon, the magnetic transformation is 
independent of the phase transformation under conditions of equilibrium. 
The relation, if such exists, between the magnetic and phase transforma- 
tions is limited to a certain group of carbon steels. Examination of the 
available data for alloy systems of iron with elements other than carbon 
shows also a lack of relationship between the magnetic and phase trans- 
formations under conditions of equilibrium. Available diagrams, for 
example, for alloys of iron and vanadium, iron and chromium^^^ and 
of iron and molybdenum^^*’^ show a wide divergence between the magnetic 
transformations and the gamma-phase loops. 

The quenching experiments described above were carried out at 
velocities of quench far in excess of those necessary to retain the samples 
in a martensitic state. It was found that, under these conditions, the 
magnetic transformation is not confined to a single temperature or to a 
narrow range of temperature, but extends over a considerable range. 
Cooling curves obtained during brine quenching with thermocouples 
welded to the specimens failed to show the thermal arrests that are 
usually taken for the temperatures of the phase transformations. Com- 
parison of the results here presented with data of Esser (who also used 
surface temperature in his experiments) justifies the conclusion that the 
magnetic transformation is not related to phase transformation during 
quenching. The spread of the magnetic transformation over a con- 
siderable range of temperature should constitute suflSicient evidence 
of the lack of relationship between the magnetic and phase transforma- 
tions in carbon steels during quenching. 
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Summary 

1. An apparatus is described suitable for the study of magnetic 
transformation in steels under conditions of equilibrium as well as 
during quenching. 

2. A summary of equilibrium runs with carbon steels is presented. 
It is shown that close association between the magnetic and the phase 
transformations exists only for steels containing 0.60 per cent or more 
carbon. Magnetic transformation is not related to the phase trans- 
formation for steels containing less than 0.60 per cent carbon. 

3. Quenching experiments with carbon steels are described. It was 
found, with rates of quenching far in excess of those necessary for the 
formation of martensite, that the magnetic transformation is not confined 
to a single temperature or to a narrow range of temperature but is 
spread over a considerable range of temperature and over a considerable 
interval of time. The beginning and the end of magnetic transformation 
was obtained for certain quenching conditions. 

4. Direct evidence of the relationship between the phase and the 
magnetic transformations, or lack of such relationship, during quenching 
was not experimentally established, but the discussion brought out lack 
of such relationship. 
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Studies upon the Widmanstatten Structure, V — The 
Gamma-alpha Trsuisformation in Pure Iron 


By Robert F. Mehl* and Dana W. Smith, f Pittsburgh, Pa. 

(New York Meeting, February, 1934) 

It has been shown that quenched iron of high purity exhibits a Wid- 
manstatten figure much resembling martensite in appearance.^ This 
figure exhibits a maximum of four directions of the surface traces that 
characterize it, suggesting that ol Fe forms from 7 Fe in plates parallel 
to the {ill}, octahedral, planes in the 7 lattice. Because of this, and 
also beqause of the general similarity to the structural appearance of 
martensite and to the Widmanstatten figure obtaining in slowly cooled 
hypoeutectoid steels it has been suggested^ that the orientation relation- 
ships obtaining between the 7 and a phases in pure iron are identical with 
those demonstrated in martensite® and in slowly cooled hypoeutectoid 
steels,^ and indeed that the crystallographic mechanism of formation of a. 
Fe from 7 Fe is the basic mechanism determining the orientation relation- 
ships found in both martensite and in slowly cooled hypoeutectoid steels. 
This paper will present experimental evidence in support of this view. 

Experimental Technique 

The analysis of the crystallographic mechanism of transformation in 
pure metals is beset with special difficulties, though some information 
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has been obtained for the transformations® in Co and TL When the 
transformation takes place at a high temperature a determination of the 
orientation of single crystals of the phase stable at the higher tempera- 
tures is necessary but difficult by direct means; furthermore, the growth 
of the new phase at the transformation temperature is likely to be so 
rapid that relatively few crystals of the new phase are available for 
analysis, and when formed from an aggregate of grains of the high- 
temperature form, the identity of the grain from which any new crystal 
forms is uncertain. In addition, the great plasticity of pure metals, 
especially at high temperatures, permits a wide shifting of orientations 
during the transformation by reason of the accompanying volume change 
and resultant grain distortion and movement. 

The technique involved in the present work was designed to evade 
these difficulties. The orientation of an original 7 Fe grain was obtained 
by a measurement on two surfaces of polish of the trace directions in the 
martensitelike structure obtained by quenching from above the trans- 
formation temperature following a technique similar to that used by 
Sauveur and Chou. The continuity of the figure obtained and the 
etching properties of the sample served to identify the limits of one origi- 
nal 7 Fe grain. This grain was then subjected to a pole-figure analysis 
somewhat similar to that used for preferred orientations and that applied 
by Kurdjumow and Sachs (loc, cit) to the analogous case of true marten- 
site, and from this analysis, and the indirectly determined orientation 
of the parent 7-Fe grain, the crystallographic relationships obtaining 
between the two phases was derived. 

A special grade of electrolytic iron, prepared by the United States 
Bureau of Printing and Engraving and subsequently purified by heating 
in a stream of undried hydrogen for 93 hr. at 1200® C., was used for this 
work. After purification this iron showed the following composition; 
C, 0.004 per cent; Mn, 0.002; P, 0.001; S, 0.004; Si, 0.002; Cu, 0.005; 
Ni, 0.009; Cr, 0.008; 0, 0.003. 

. Samples of this iron were suspended on the end of a heavy rod in a 
vertical tube furnace in a slowly flowing stream of tank hydrogen and 
maintained at a temperature of 1300® to 1350® C. for periods varying 
from 3 to 12 hr., in order to grow large grains without destructive oxida- 
tion. At the end of this period the temperature was dropped to 950®- 
1100® C., and the specimen driven rapidly by the fall of the rod into a 
tube quenching chamber with a high-pressure radial spray of water. 

® G. Wassermann: tlber die Umwandlung des Kobalt. Metallwirtschaft (1932) 
11, 61-65. 

U. Dehlinger: tJher den Mechanisnins der allotropen Umwandlung von Kobal 
und Thallium, Metallwirtschaft (1932) 11, 223-235. 

U. Dehlinger, E. Osswald and H. Bumm: tlber die Umwandlung von Kobaltein- 
kristallen. Ztsch. /. Metallkunde (1933) 26, 62-63. 
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The object of this treatment was to produce a very rapid quenching 
action, for experience showed this to be necessary for the development 
of a Widmanstatten figure. The specimens were approximately 1.6 cm. 
long, 1.0 cm. wide, varying in thickness from 0.25 to 0.025 cm.; the thick- 
ness of the piece proved of great importance, for with thick pieces no 
figure was developed and with thin warping was so severe that the speci- 
men could not be used. Pieces were chosen thin enough to develop well 
formed figures but not so thin as to warp. Despite a large number of 
runs, the optimum quenching temperature and the optimum specimen 
size for the apparatus used cannot be given. Success was sporadic and 



Fig. 1. Fig. 2. 


Fig. 1. — -Widmanstatten figure in quenched pure iron. X 86. Etched with 

4 PER CENT NITAL AFTER POLISHING. 

Fig. 2.^ — Stereographic projection of Widmanstatten figure shown in fig. 1. 

Diameters represent normals to traces on first surface; great circles represent 
normals to traces on second surface projected upon first surface; circles represent 
positions of {111} poles that account for the traces. 

unpredictable, yet nevertheless a few examples of satisfactory structures 
were obtained. 

The grain chosen for analysis was approximately 2 mm. long, 1 mm. 
wide, extending through the thickness of the specimen, 0.063 cm. The 
Widmanstatten figure developed is shown in Fig. 1. 

Determination of Plane of Precipitation 

This grain was cut and polished on two sides. The traces upon one 
side, the flat side of the specimen, were accurately measured and the 
normals to these traces plotted as diameters on a stereographic pro- 
jection, Fig. 2. It was found that {ill} poles could be rotated so that 
one pole fell on each of the normals to the traces. Since, however, 
there are two orientations of the { 111 } poles showing this coincidence, 
related to each other as object and mirror image, it is necessary to 
procure other data to determine the unique orientation. This was done 
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by making a measurement of the directions of traces on the second sur- 
face, which stood at 90° to the first, or “flat surface, and plotting normals 
to these directions as great circles on the projection, Fig. 2. The points of 
intersection of the diameters and the great circles gives the proper selection 
of the two solutions; this orientation is represented by four | 111 } poles 
shown as circles on Fig. 2. The traces on the second surface could not 
be accurately measured because of the thinness of the specimen, and 
for this reason the intersections do not fall accurately upon the plotted 
{ill} poles. The positions of the {ill} poles, however, are more 
precise than might be suspected from this, since the traces on the second 
surface were used only to determine the proper selection of the alter- 
native solutions, while the precise positions of the {ill} poles were 
determined by rotation into the most satisfactory coincidence with 
the diameters. 

The coincidence shown is proof that the martensitic markings in the 
specimen formed parallel to the {ill}, octahedral, planes in the 7-Fe 
grain. This, then, is quantitative confirmation of the semiquantitative 
observations of Sauveur and Chou. 

Determination op Orientation of a Phase 

The selected grain was mounted in the path of a beam of poly- 
chromatic or “ white X-rays from a tungsten target, and photograms 
taken at a series of angular positions of the surface of the grain with 
respect to the X-ray beam. This technique differs from the usual 
pole-figure technique in the use of polychromatic rays instead of char- 
acteristic rays; it involved the measurement upon the photogram of the 
angular positions of intensity maxima of diffracted rays of wave length 
between the low wave length limit as determined by the voltage applied 
to the X-ray tube and the wave length corresponding to the absorption 
limit of the silver emulsion in the photographic film. Some advantages 
accrue to this technique; for instance, a wider range of orientations was 
registered upon each photogram, a matter of some importance in view 
of the labor involved in obtaining a full pole-figure in a system showing 
as much scatter in orientation as the one under observation.® 

Twenty-one photograms were taken, ten in 5° intervals on each side 
of the position in which the specimen stood perpendicular to the X-ray 
beam, thus covering an angular range of 100°. The reflection maxima, 
like those shown in Fig. 3, originated in diffraction of the polychromatic 
X-ray beam from the { 110 } planes in the a crystals, since these have the 
greatest value and thus lie closest to the zero or beam position 
on the photogram. These maxima were plotted upon a stereographic 

®We are indebted to Dr. Charles S. Barrett of this laboratory for suggesting 
this method. 
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projection, Fig. 4, upon which were also plotted the positions of the 
{ 111 } poles of the original y lattice previously determined. 



Fig. 3. Fig. 4. 

Fig, 3. — Transmission X-ray photogram op specimen. Surface of specimen at 
20® TO direction op X-ray beam. 

(The original photograms show detail within the reflection maxima.) 

Fig. 4. — Pole-figure op {110} a . planes. Surface op projection is that op the 

FIRST surface. 


r 






In order to concentrate the data, since but 114° of the full 180° 
angular range was studied, the areas and poles in Fig. 4 were rotated so 

as to bring the {ill} poles into the — 

positions they occupy in a standard 
cubic projection, and further rotated 
into one quadrant, Fig. 5. 

The mechanism of transformation 
in martensite and in slowly cooled 
hypoeutectoid steels may be described 
crystallographically by the symbols: 

{lll}T||{llO}a! 

[110]7||[lll]a: 

which specifies the planes in the two 
lattices that he paraUel and also the 
directions in each of these planes that Fia. 5.— Pole-figure op {110} a 
lie parallel. This specification calls ^^TandTrd projec^^^^^ quadrant 
for a total of 24 orientations of the 

a Fe with respect to each single orientation of y Fe. These ideal orienta- 
tions are represented by black dots in Fig. 6. 

In plotting the intensity maxima from the photograms, an attempt 
was made to distinguish three degrees of intensity. These are repre- 
sented in Fig. 5 by the variously shaded areas. 





208 STUDIES UPON THE WIDMANSTATTEN STRUCTURE, V 

Fig. 5 shows that the poles of the {llO} planes fall in areas in the 
neighborhood of those predicted by the crystallographic relationship 
stated above. The coincidence is not nearly so good as that obtained 
by Kurdjumow and Sachs for martensite in quenched high-carbon 
steels, but is probably as good as can be obtained, in view of the great 
plasticity of the iron while suffering the volume change and in view of 
the gross distortion accompan3dng the quenching operation. The 
centering of the pole areas around the predicted positions and the lack 
of any consistent and important indication of other positions leaves 
little or no doubt that the crystallographic relationships between the 
7 and a lattices are those specified above. 

Discussion op Results 

It seemed clear from the evidence obtained in the study of martensite 
and of the Widmanstatten figure in slowly cooled hypoeutectoid steels 
that pure iron must show a crystallographically identical behavior. 
Such, indeed, will doubtless often be found in alloys in which trans- 
formations occur that find their origin in allotropic transformations; 
in such cases the orientation relationships in the alloys may often be 
predicted from those determined for the allotropic transformation in the 
pure metal and vice versa. If, however, solid solution formation in the 
participating phases alters lattice dimensions greatly it is quite possible 
that increasing solid solution formation may see the initiation of a new 
and separate crystallographic process as new and preferable lattice 
transformation mechanisms become possible. In the steels carbon 
alters the dimensions of 7 iron only slightly, and a Fe dissolves but 
little carbon with an inappreciable alteration in its dimensions, and thus 
a common mechanism is preferable for both steels and pure iron. The 
apparent change in the crystallographic mechanism of the precipitation 
of CUAI2 from the solid solution of Cu in A1 upon increasing Cu content 
may be an example of the eJBfect of changes in lattice dimensions, in this 
case upon a mechanism greatly sensitive to a change in lattice dimensions.^ 

Summary 

1. The Widmanstatten figure in drastically quenched pure iron 
delineates the { 111 }, octahedral, planes in 7 iron. 

2. An analysis of the orientations of the a phase with respect to the 
parent 7 phase shows a satisfactory agreement with the relationships 
previously found in martensite and slowly cooled hypoeutectoid steels; 
to wit: 


^R. F. Mehl, C. S. Barrett and F. N. Rhines; Studies upon the Widmanstatten 
Structure, III. Trari^. A.I.M.E. (1932) 99, 203-233. 
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in which the directions indicated lie in the planes indicated. 

3. It is suggested that the orientations obtaining in Widmanstatten 
figures in alloys, which are made possible by an allotropic transformation 
in the pure metal, will be identical to those found for the allotropic 
transformation in the pure metal, when solid solution formation does not 
so greatly change the lattice dimensions as to make a different trans- 
formation mechanism preferable. 

DISCUSSION 

(F. 5- Foley 'presiding) 

M. A. Grossmann,* South Chicago, 111. — A good deal of the interest and importance 
of the portion of this series hinges on the completeness with which the 24 different 
orientations are actually found. I wonder if Dr. Mehl would be willing to say a 
word or two on that point? 

U. DEHLiNGBRjf Stuttgart, Germany (written discussion). — It would be interest- 
ing to know whether the gamma-alpha transformation in pure iron is accompanied 
by the hysteresis .we have recently studied in the iron-nickel system.® On cooling 
from high temperatures to very low ones, crossing the heterogeneous field a -f 7 
very rapidly, we have found that the transformation into a takes place by a shearing 
process alone, without any precipitation in the ordinary sense, and produces a very 
symmetrical Widmanstatten figure. However, the transformation of a. into 7 on 
subsequent heating does not begin until a temperature is reached several hundred 
degrees higher than that of the beginning of the transformation of 7 to a on coqling. 
We have suggested that the displacement to lower temperatures of the transformation 
of 7 to a is caused by lattice distortions accompanying the first lattice shear. Since 
these distortions are roughly independent of the nickel content, a similar hysteresis 
is to be expected in pure iron also, 

R. F. Mehl (written discussion). — The work reported in this paper does not furnish 
an answer to Dr. Grossmann’s question. It has merely been shown that each gamma 
crystal can produce alpha crystals exhibiting 24 different orientations. There is no 
requirement that each gamma crystal must produce all of the 24 orientations, or that 
there should be only one alpha crystal for each of the 24 orientations. The number 
of alpha crystals may vary from one to an infinitely large number. The number of 
crystals formed will depend on such factors as speed of cooling and the composition 
of the iron both with respect to alloy content and inclusions. Dr. Grossmann's own 
studies on this latter point have furnished us with much valuable information. 

I have just read Dr. Dehlinger's paper on the transformations in iron-nickel alloys. 
The problem of irreversibility in alloys of this sort, of which there are several, is 
very puzzling. Evidently, as Dr. Dehlinger points out, strains accompanying the 
first shearing action inhibit further transformation. The many studies of the mar- 


* Illinois Steel Co. 

t Rontgenlaboratorium an der Technischen Hochschule. 

® U. Dehlinger: Kinetik und Zustandschaubild der irreversiblen Umwandlung im 
System Eisen-Nickel. ZtscK. /. MetaUkunde (1934) 26, 112-116. 



210 


STUDIES UPON THE WIDMANSTATTEN STRUCTURE, V 


tensite transformation in steels have furnished good evidence on this point. It is 
quite clear now that the rates of transformation just below the critical temperatures 
shortly reach a maximum, then at lower temperatures a minimum owing to a slowing 
up of the diffusion process, and at still lower temperatures begin to attain very high 
values since an entirely different process sets in; namely, one of pure shear without 
diffusion. This has been amply proved by the numerous studies by Bain, Wever, 
and others . Iron-nickel alloys are another example of this type of behavior. The rate 
curve which Dr. Dehlinger shows in Fig. 4 in the paper he quotes is exactly similar in 
type to those published by Bain. 

Similar processes of pure shear unaccompanied by diffusion and therefore segrega- 
tion have been shown in nonferrous alloys. The structures shown by Phillips® for a 
quenched copper-zinc alloy wholly within the jS field at a high temperature and wholly 
within the ol field at a low temperature are evidently structures which form by a 
shearing mechanism alone. I should point out that the importance of the shearing 
movement of atom layers in such processes was suggested by Mehl and Barrett^ 
at the same time that the suggestion was made independently by Kurdjumow 
and Sachs. 

The question of hysteresis in the 7 -a transformation in pure iron is less certain. 
Dilatometric curves, taken by Dr. Wells in my laboratory on iron of unusually 
high purity at a very slow cooling rate, per minute, show a difference between 
the beginning of the transformation on heating and the beginning on cooling of only 
1®, which is at about the limit of accuracy of measurement. I doubt very much, 
therefore, whether there is any true hysteresis in the transformation of 7 to a iron 
and the reverse transformation. This work will shortly be published. 


® A. J. Phillips: The Alpha-beta Transformation in Brass. Trans. A.I.M.E. 
(1930) 89, 196. 

See discussion by R. F. Mehl, preceding reference. 

R. F. Mehl and C. S. Barrett: Studies upon the Widmanstatten Structure, 
I — Introduction. The Aluminum-silver and the Copper-silicon Systems. Trans. 
A.I.M.E. (1931) 93 , 78. 


Studies upon the Widmanstatten Structure, VI— Iron-rich 
AUoys of Iron and Nitrogen and of Iron and Phosphorus 


By Robbbt F. Mbhl, * Charles S. Barrett, f Pittsburgh, Pa. and H, S. Jbrabek,^ 

Minneapolis, Minn. 

(New York Meeting, February, 1934) 


The precipitation of the nitride Fe 4 N from the solid solution of nitrogen 
in a Fe and of the phosphide FesP from the solid solution of phosphorus 
in a Fe both lead to the formation of structures that may be easily 
identified as Widmanstatten figures, within the meaning of the term as 
used in this series of papers. A complete solution has been obtained for 
the figure formed by Fe 4 N. The structure of FesP, however, is not fully 
known and a complete solution of this figure thus cannot be obtained; 
nevertheless, a study of this figure has furnished some new information. 

Precipitation of FE4N from Alpha Solid Solution of N in Alpha Fe 
Constitution of System Iron-nitrogen 

A knowledge of the constitution of the whole of the Fe-N system is 
unnecessary for this work, though the recent studies by Eisenhut, 
and Kaupp^ and by Lehrer^ have clarified most of the moot points; it is 
sufficient for our purpose to state that a. Fe of high purity dissolves 0.42 
per cent of nitrogen in solid solution at the eutectoid temperature, 591° C., 
and that this solubility decreases at first rapidly and then more slowly 
until at room temperature the solid solubility amounts to approximately 
0.1 per cent nitrogen.® 


Manuscript received at the office of the Institute Nov. 29, 1933. 

* Director, Metals Research Laboratory, and Professor of Metallurgy, Carnegie 
Institute of Technology. 

t Metals Research Laboratory, Carnegie Institute of Technology. 

t School of Mines and Metallurgy, University of Minnesota. 

1 0. Eisenhut and E. Kaupp: The System Iron-Nitrogen. Ztsch. f. Elektrochemie 
(1930) 36, 392. 

2 E. Lehrer: Magnetic Studies on the System Iron-Nitrogen. Ztsch. f. Elektro- 
chemie (1930) 36, 460. 

* Data were taken from the work of Eisenhut and Lehrer, loc, cit^ which seems 
the most trustworthy; absolute solubility values are of little importance in this work. 
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The constitution diagram indicates that upon cooling this solid solu- 
tion will precipitate the phase Fe 4 N. Some doubt of the correctness of 
this had been previously expressed by two of the present authors,^ and 
considerable effort has since been expended to obtain unambiguous proof. 
Although such uncertainty may seem unnecessary in view of the certain 
knowledge of the constitution of the system in this range of composition, 
it seemed possible that the special atomic processes that lead to the forma- 
tion of Widmanstatten figures might exert some special influence in 
determining the composition of a precipitating phase. In any event, 
careful work requires a proof of the composition of a precipitating phase 
since the argument for the atomic mechanism of precipitation depends 
upon a knowledge of the space lattice of the precipitate and thus requires 
identification of the precipitate. 

It is possible that the previous conclusion that the precipitate is FesN 
rather than Fe 4 N was in error by reason of contamination of the sample 
with FeaN formed on the outer surface or along the grain boundaries; 
though care was taken to prevent contamination, the relative activity 
of attack of Fe 4 N and FesN by the nitric acid used in isolating the nitride 
is such that the residue from the nitric acid attack upon a mixture of Fe 4 N 
and FesN would be relatively enriched in FesN. This dfficulty was 
avoided by nitriding samples of Armco iron (previously purified by long 
treatment in hydrogen at high temperatures) in ammonia-hydrogen 
mixtures of such composition and at such temperatures that no primary 
FesN could form. The equilibrium data given by Lehrer® show that no 
primary FesN will form at the nitriding temperature of 500° in ammonia- 
hydrogen mixtures with less than 57 per cent ammonia; thus in an 
e!xperiment to prove the true identity of the precipitating phase the 
hydrogen-purified Armco iron was treated in an ammonia-hydrogen mix- 
ture with the percentage of ammonia kept below 50 per cent, under 
which conditions only the gamma phase, Fe 4 N, and the alpha solid solu- 
tion could form as primary products. 

The nitride recovered from this iron by treatment in nitric acid, with 
precautions taken to procure only the nitride precipitated within the sep- 
arate large grains, showed upon an X-ray powder diffraction photogram 
the characteristic lines of the Fe 4 N phase only. The Widmanstatten 
figure exhibited was identical in outward appearance with those obtained 
under less restricted nitriding conditions, and the nitride plates were 
found to lie parallel to the same planes in a Fe; therefore it seems certain 
that in both cases the phase precipitating from the alpha solid solution is 
Fe4N. 


^ E,. F. Mehl and C. S. Barrett: Some Observations on the System Iron-Nitrogen 
MeiaU & Alloys (1930) 1, 422-423^ 

* Reference of footnote 2. 
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Formation and Outward Form of Precipitate 

All of the structures studied were prepared from hydrogen-purified 
Armco iron nitrided at temperatures below the eutectoid temperature 
and subsequently slowly cooled. No study was made of the most favor- 
able conditions for the formation of a well defined structure, since it is an 
easy matter in this case to obtain sufficiently well developed structures. 

It has been pointed out that the needlelike structure obtained 
represents the formation of a phase in plate form along some plane in the 
alpha solid solution matrix.® The customary designation of “needle'' 



Fig. 1. — Typical nitride “needle” structure. Decarburized mild steel 
NITRIDED IN AMMONIA. X 500. 

Etched with picric in alcohol. 

has caused no mischief in this case, for it is generally recognized that the 
needle represents the section of plate formed by the plane of polish. 
Observations made in the present work which show the continuity of such 
a needle around a 90° edge may serve to remove any remaining doubt on 
this score. 

These “needles" are usually lenticular in shape, probably because of 
progressive growth from an original platelike nucleus (Fig. 1).^ High 
magnification does not resolve them into a complicated structure such as 
that found for FesC plates precipitating from austenite, or such as 
that reported later for FesP plates. The phase seems to be uniform 


® R. F. Mehl and C. S. Barrett: Reference of footnote 4. 

W. Koster: The Problem of Nitrogen in Technical Iron, Archivf. d. Eisenhiitten- 
wesen (1930) 3, 637. 

^ R. F. Mehl and C. S. Barrett: Discussion, Trans. A.I.M.E. (1931) 93, Inst. 
Metals Div., 120-121. 
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in structure, each plate a single crystal (see Figs. 5 and 6 also) ; X-ray 
photograms of separate plates, described later, confirmed this observation. 

Crystallography of Participating Phases 

The solid solution of nitrogen in a Fe is, like a Fe itself, body-centered 
cubic in structure. Eisenhut and Kaupp® found nitrogen to increase 
ao, the side of the unit body-centered cube, from 2.860 for pure iron to 
2.876 for a sample containing 0.42 per cent nitrogen. This difference is 
not great, and since the samples prepared in this study contained less 
nitrogen (for they were prepared at lower nitriding temperatures) and 
since high precision in this value is not necessary for the required com- 
parisons of lattices, the value for pure iron, ao = 2.86, will be used. 

The structure of the compound Fe 4 N has been studied by Hagg.® 
The iron atoms are arranged in a face-centered cubic structure, with the 
single nitrogen in the unit cell probably situated at the center of the cube ; 
the uncertainty in the position of the nitrogen atom apparently need not 
concern us here, since previous work indicates that only the positions of 
the atoms of the element forming the solvent in the parent solid solution 
need be considered. According to Hagg, the side of the unit cube in 
Fe 4 N is 3.7891. 


Determination of Plane of Precipitation 

The technique used here was similar to that employed previously 
in this series of papers. Three separate determinations were made, 
in each case upon separately prepared specimens. The first determina- 
tion consisted in the preparation of a frequency curve of the directions 
of the traces of the nitride plate in a single large grain of the alpha matrix, 
prepared by nitriding a decarburized mild steel sample that contained 
very large grains (Fig. 1), and plotting upon a stereographic projection the 
normals to the av^erage angular positions read from the frequency curve. 
Upon this projection the poles of the important low indices planes of the 
matrix, as found by an X-ray determination of the orientation of the 
alpha matrix, were plotted. These poles should lie upon or very near 
to the normals without exception. Fig. 2 shows one of the four plots (for 
four different alpha crystals) obtained in this way; 283 traces were meas- 
ured in obtaining the frequency curve and the resultant normals. Evi- 
dently we are dealing with a 12-family plane, near to or identical to the 
{210}« p.. Since the poles of the nitride plates are not obtained in this 
method, the proof it furnishes of the {210}a j-e pla-ne is not so rigorous 

® Reference of footnote 1. 

^ G. Hagg: X-ray Studies on the Binary Systems of Iron with Nitrogen, Phos- 
phorus, Arsenic, Antimony, and Bismuth. Nova Acta Regiae Societatis Scientiarum 
Upsaliensis [IV] (1929) 7, No. 1; X-ray Studies on the Nitrides of Iron. Ztsch.f. phys. 
Chem. (1930) 8, 455. 
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as desired; it may be considered, however, that the method furnishes 


proof of the operation of a 12-family 
plane, and indicates that this plane 
is the {210} a. 

In order to obtain the poles of the 
nitride plates and to compare their 
positions with the poles of the planes 
in the alpha lattice, samples con- 
taining large grains with suitable 
nitride structures were polished on two 
sides while a sharp edge was main- 
tained; nitride plates that could be 
traced continuously around this edge 
were chosen for measurement, and 
the angles formed by each plate with 
the edge measured, sufl&cing to place 
the position of the plate in space and 
thus to fix its pole. Subsequently 
the orientation of the alpha matrix 



Fig. 2. — Stbrbographic projec- 
tion OP DIRECTIONS TAKEN BT NITRIDE 
NEEDLES. 

Radii represent normals to the max- 
ima on the direction frequency curves. 
Circles represent locations of {210} 
poles as determined by X-rays. 


was determined by X-rays and the stereographic projection of this 
orientation superimposed upon that representing the positions of the 


poles of the nitride plates. 



Fig. 3. Fig. 4. 

Fig. 3. — Stbrbographic plot op poles op nitride plates in comparison with 

POLES OP ALPHA IRON MATRIX. FiRST DETERMINATION. 

Large circles show poles of nitride plates, positions of which could be accurately 
measured; dots show poles of nitride plates, positions of which could not be accurately 
measured; crosses show the {210} a Fe poles. 

Fig. 4, — Similar to pig. 3. Only accurately determined poles op nitride 

PLATES ARE SHOWN. SECOND DETERMINATION. 


The first determination was performed upon a large grain containing 
a suitable structure prepared by nitriding in pure influent ammonia a 
sample of Armco iron previously purified by treatment with hydrogen 
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at a high, temperature. The resulting combined stereographic projec- 
tion is shown in Fig. 3. Most of the nitride poles fall near to the 
{210} poles; one group fell nearer the (510) pole, but these were plates 
that made acute angles with the edge, and their positions therefore 
suffered in accuracy of determination because of the unavoidable slight 
rounding of the edge. 

The second determination was made upon a similar type of sample 
but one nitrided under controlled conditions so that only primary Fe 4 N 
could form. The combined stereographic projection for this sample is 
shown in Fig, 4. The coincidence of the plate poles with the {210} poles 
is good. The data point consistently to the {210} poles and only sporad- 
ically to other poles. 

There can be no reasonable doubt from these data that the Fe 4 N 
plates form from, the solid solution of nitrogen in alpha Fe parallel to 
the {210} planes. 


Orientation of Fe^N Plates 

Since it seemed inadvisable to attempt to determine the orientation 
of the nitride plates in situ, individual plates were removed by dissolution 
of the matrix in nitric acid (1 : 1) after preliminary immersion in aqua 
regia. Separate large grains of the alpha matrix were prepared by nitrid- 
ing under controlled conditions, and freed mechanically from grain 
boundaries and grain-boundary layers. Upon dissolution each of these 
matrix crystals furnished a large crop of nitride plates, which were washed 
by decantation with water and alcohol. Fig. 5 shows one of the nitride 
plates separated from the matrix; this plate was one of those used for the 
determination of orientation. Fig. 6 shows a plate rather drastically 
attacked by the etching agent. The largest plates were selected and 
mounted on a thin celluloid sheet by the use of a dilute alcoholic solution 
of shellac- It was found possible to obtain and mount well formed plates 
roughly 1 mm. in diameter. Two alpha matrix crystals were used, the 
first furnishing a crop of plates from which one good nitride plate was 
selected for X-ray study, and the second furnishing two plates. 

Before determining the orientation of the lattice of these plates with 
respect to the flat plate surface a large number of plates were combined 
and a powder X-ray photogram prepared, which showed that only the 
Fe 4 N phase was present, uncontaminated by the epsilon or alpha phases. 

Each plate mounted on celluloid was placed in the path of and per- 
pendicular to a pinhole X-ray beam produced at 30 kv. from a molyb- 
denum target, and a photogram was obtained on a flat film also 
perpendicular to the X-ray beam at a distance of 4 cm. from the 
nitride plate. 

These (three) photograms contained both spots and radial streaks. 
The spots were reflections of the characteristic radiations Mo and 



ROBERT F. MEHL, CHARLES S. BARRETT AND H. S. JERABEK 217 


from the Fe 4 N lattice; the radial streaks were typical asterism streaks 
from the white radiation. 

From these photograms stereographic projections were prepared, with 
the proper indices assigned to the sharp spots from the and radia- 



Fig. 5. — Separated nitride plate used for X-rat determination op orientation. 
Mounted on celluloid. X 150. 

Obtained by dissolution of matrix in nitric acid. 

Fig. 6. — Separated nitride plate drastically etched, on background op paper, 

X 150. 

tion by calculation of the diffraction angles. It was not always possible 
to determine the index uniquely, but in no case were more than two indices 
possible and subsequent analysis showed clearly the correct one of the 
two. These photograms were not sufficiently sharp for reproduction, so 
only the calculated projections are reproduced here (Figs. 7 and 8). 
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The Laue streaks likewise were assigned indices: a standard stereo- 
graphic projection which represented an important reflecting plane of the 
Fe 4 N lattice. The presence of these Laue streaks was proof that a range 
of orientations occurred in each plate, the approximate limits of which 
were determined by the following procedure. A rotation was chosen that 
would bring the points of a standard projection into the vicinity of the 
corresponding points from the film. The points from the standard 
projection are represented in Figs. 7 and 8 as open circles and those from 
the film as full circles, while loci of the planes causing the Laue streaks 
are represented by heavy lines. The plane of projection in Figs. 7 and 8 
is in each case the surface of the nitride plate, so that the normal to the 
plate (the pole of the plate) lies in the center of the projection, indicated 




Fig. 7. — Sterbographic representation' of orientation op nitride plate. 

First determination. 

Fig. 8. — Sterbographic representation of orientation op nitride plate. 

Second determination. 

by the cross. By the use of a rotation net the amount of rotation that 
would bring each of the heavy lines in turn into coincidence with the 
corresponding white circles was determined; the rotation was measured 
in each case about an axis in the projection plane, the plane of the plate, 
and located at right angles to the radius from the center of the projection 
to the point in question. The pole of the plate was then rotated the same 
amoimt about each of these axes in turn and the area swept out by the 
pole of the plate was outlined by a smooth curve, shown in the center of 
each figure. This area represents the orientations of the normal to the 
plate when the lattice in each part of the plate is in turn brought into line 
with the standard orientation indicated by the open circles. 

This scattering amounts to 6° to 10^ and makes the choice of the index 
of the plane parallel to the plate surface in some respects uncertain. Of 
the low index planes, only the (112) and (213) are possible solutions; the 
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choice between these two cannot be made from the figures, but inspection 
shows that the {213} planes in Fe 4 N are in no way similar to the {210} 
planes in the alpha phase, either when the atoms on the unit rectangles are 
considered or when these and the disposition of the atoms on the 
adjacent parallel planes are considered, while there is a very extensive 
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Fig. 9 . — Plot of atoms on ( 210 )aFe plane. 


similarity in both respects between the {112} planes in the Fe 4 N phase 
and the {210} planes in the alpha phase, as will be shown (Figs. 9 and 10). 
Upon this basis the plane in the Fe 4 N lattice parallel to the plane of 
the Fe 4 N plate is selected as the {112} plane. 
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Fig. 10 . — Plot of atoms on ( 112 )pe 4 N plane. 

The lack of exact coincidence of the surface of the plate with the 
{112} plane in Fe 4 N lattice may be ascribed to an inaccurate alignment 
of the plate perpendicular to the X-ray beam (a diflBicult feat with such 
small plates) and the range of orientations perhaps to a fragmentation of 
the plate during the setting of the shellac cement. No evidence for a 





220 


STUDIES UPON THE -WIDMANSTATTEN STRUCTUEE, VI 


■5^ 

I 


r< 


l—d 

Pis 

S 

o 


O 

CO 

;3 

o 

‘S 


■| 

I 

?5 


E-i 


i 

•♦a 

<5 g 


gS 

'S 


S -‘S 
•^ag 

|ao 
^ S 0 ) 


ttt 

s 


s 

p>4 


fl OJ-P 

-2f^ S 
80 

'igs 


IS 

o 

P=< 


8 


|a^ 

V 8 ^ 

p-flH 


!5 

V 

PC4 


PE< 

8 


15 

r® 


Pc< 

s 


lO 

to 


05 




CO 

rH 




1 

+ 

1 

1 

o 

to 

rH 


o 


o 


1— 1 

d 

(N 

d 

1 

+ 

1 

1 

00 

to 


XO 

T— t 

T-i 

oo 

XO 


d 

CO 

d 


tH 


tH 

00 


to 

XO 

iH 

o 

00 

(N 

00 

o 

to 

00 


rH 

(N 

rH 

lO 

CO 

CO 


CM 

Ttn 

d 

d 

CO 

rH 



+ + + + 

XO 


CO 


OS 




00 

CO 

rH 


tH 

rH 

rH 

d 




iH 

CO 

CO 

o 



rH 

05 

CO 

rH 

rH 

d 

d 

CO 

iH 

CO 

CO 

50 

00 

d 

CO 

1 

+ 

1 

1 

CO 




CO 

1 

d 

1 

rH 

1 

1 

00 

00 

00 

00 

CO 

CO 

CO 

CO 


d 

d 

d 

X X X X 

00 

Qi 

05 

CO 

CO 

t- 

00 

XO 

(N 

co 

00 

d 


t- 



CO 


CO 

CO 

00 


00 

00 


d 

d 

d 

X X X X 

CO 



05 

00 

o 

o 

CO 

(M 

Tti 

05 

CO 


s 



o 

O 

yH 

(N 

o 

tH 

rH 

T — 1 

T-l 

rH 

CO 

rH 



■ 


o 

(N 

o 

o 

o 

rH 

iH 

rH 


tH 

CO 

(M 






truly fragmentary character of the plate could 
be obtained microscopically; evidently the 
plate as it exists in situ is a single crystal. 
A more careful technique might have given a 
more exact orientation for the nitride plate, 
but that obtained is considered adequate. 

The data presented thus indicate that 
the {211} planes in the Fe 4 N lattice lie 
parallel to the {210} planes in the alpha 
matrix, but since the orientation of the Fe 4 N 
plate was determined on plates wholly 
removed from the matrix, no experimental 
evidence was obtained of the mutual rota- 
tional positions of these two parallel planes. 
The near equivalence of the interatomic dis- 
tances on the [001] and [T20] directions in 
the (210)«Fe plane and the [TlO] and [ITl] 
directions in the ( 112 )Fe 4 N plane, respectively 
(Figs. 9 and 10), strongly implies that these 
directions lie parallel at the interface. 

Discussion of Results 

The selection of the {210} plane in the 
alpha lattice is in some respects surprising: it 
is not a plane of dense atomic packing and 
it does not contain the close-packed direction 
[111].^° On the basis of similarities in 
atomic pattern and interatomic distances 
on various possible combinations of planes 
in the two lattices a number of other combi- 
nations appear equally attractive, unless 
wholly unjustified ad hoc reasons are 
advanced. These combinations are listed 
in Table 1, which shows differences in 
various dimensions. In compiling this 
table comparisons were made among the 
first seven planes in order of decreasing 
atomic density for each of the two lattices. 
Only the four combinations listed showed 
even approximate similarities; the com- 
bination {110}« {llllFe^N? ^ combina- 


C. H. Mathewson and D. W. Smith: On the 
Theory of Segregate Structures in Alloys. Trans. A.I.M.E. (1932) 99, Inst. Metals 
Div., 264r-271 ; also discussion on this paper by R. F. Mehl, 272-273. 
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tion observed for the somewhat analogous case in Fe-C alloys/^ 
is not listed because it shows a much greater difference in dimensions. 
The combination {210}« Fe^ {321}Fe,N^ suggested in Figs. 7 and 8, is not 
listed because of complete absence of any similarity. 

The lack of convincing reasons in Table 1 for the selection of the 
observed combination of {210}^: {112}Fe^N strongly suggests that the 
simple theory previously enunciated in this series of papers, based entirely 
upon near identities in atom pattern and in interatomic distances upon 
single members of the conjugate planes, is not adequate. In an attempt 
to extend this theory to a matching of atom positions in three dimensions, 
a series of plots of atom positions on various atom levels was prepared for 
the combinations listed in the table. Figs. 9 and 10 represent such plots 
for the planes (210)^ Fe and (112 )f^^n. The plots were made by the 
method previously described. 

The similarity in atom spacing and pattern of these two planes is 
easily evident in the figures. From the calculated coordinates of the 
atoms the amount of movement of the atoms in a Fe (Fig. 9) in assuming 
the positions in Fe 4 N (Fig. 10) was calculated for the four atoms in each 
unit rectangle on each level, with the atoms at the origin on the first level 
initially placed in coincidence. 

Similar plots for the other combinations of planes in Table 1 showed 
that the amount of atom displacement increased much more rapidly 
with ascending level than for the combination {210}^ Fe* { 

In other words, this combination shows the best three-dimensional match 
of the possible combinations that show similar patterns upon the base 
rectangle. It has always seemed necessary that near approximation to 
registry in three dimensions should be a part of a theory to explain such 
crystallographic movements, and this case seems to furnish proof of the 
importance of this factor. How far such considerations may be extended 
to other systems cannot as yet be said. 

The outward form of the separated nitride plate shown in Fig. 6 
bears an interesting relationship to the geometry of the (112)Fe,N plane. 
The acute angle between the sides of this nitride plate is between 43° and 
48°; and each side accordingly will exhibit an angle of approximately 
23° with the long center rib, and 67° with the short center rib. These 
angles and the right angles formed by the center rib are strongly sug- 
gestive of the angles formed by the close-packed directions on the (112) 
plane as shown in Fig. 10: the directions [110] and [TTl] intersect at right 
angles, and the [T32] direction forms an angle of 22.2° with the [iTl] direc- 
tion, as does the direction [312]. These are the closest packed directions 

R. F. Mehl, C. S. Barrett and D. W. Smith: Studies upon the Widmanstatten 
Structure, IV — ^The Iron-carbon Alloys. Tram. A.I.M.E. (1933) 106, 215-249. 

12 R. F. Mehl, C. S. Barrett and D. W. Smith: Reference of footnote 11, Appendix B. 
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in the ( 112 )Fe 4 N plane, and the retention of these as crystal edges would 
not be surprising. The outward form of these etched plates thus may be 
taken as indirect confirmation of the X-ray determination of the (112)pe4N 
plane as the plane lying in the surface of the nitride plate. 

Precipitation of FesP from the Solid Solution op P in Alpha Fe 
Constitution of the System Iron^pkosphorus 

It has been shown by J. L. Haughton^^ that a Fe dissolves a maximum 
of 2.8 per cent in solid solution at the eutectic temperature 1050*^ C.; that 
this solubility decreases rapidly to 1.0 per cent at 700°, remaining appar- 
ently constant at this value to lower temperatures; that the y Fe field is 
limited, ^Toop forming,^^ extending to approximately 0.5 per cent P; and 
that the compound FeaP is in equilibrium with the alpha (delta) solid 
solution. These data are in approximate agreement with those obtained 
by Vogel. 

Crystal Structure of Participating Phases 

The lattice parameter of the alpha solid solution is not appreciably 
altered by phosphorus.^® The crystal structure of the precipitate, FesP, 
has not been completely solved, though Hagg has shown that it is body- 
centered tetragonal, probably belonging to the space group > 84 ^. The 
axial lengths are ao = 9.090, co — 4.446; the number of atoms in a unit 
cell is probably 32, but since the parameters have not been determined 
the positions of the atoms are unknown. 

Formation and Outward Form of Precipitate 

All of the work reported here was done on an alloy containing 
3.2 per cent P, prepared by melting Armco ingot iron in an induction 
furnace and adding ferrophosphorus, containing 19.67 per cent P, 
1.08 per cent Mn, 0.39 per cent Si, 0.034 per cent S, 78.81 per cent Fe, 
to form an alloy saturated with P in solid solution at the eutectic tempera- 
ture. The melt was slowly frozen and cooled in the furnace in order to 
obtain with the minimum effort a large-grained sample with a well 
defined Widmanstatten figure; the resultant ingot weighed 180 grams. 
This technique produced amply large grains, some over cm. in diam- 
eter, with a well formed structure. The appearance of the structure 
obtained is shown in Figs. 11 and 12, a structure similar to those observed 
by Haughton, by Vogel, and by Koster.^® The phosphide FeaP takes the 

J. L. Haughton: Alloys of Iron Research, VIII — The Constitution of Alloys of 
Iron and Phosphorus. Jnl. Iron and Steel Inst. (1927) 116 , 417-442. 

R. Vogel: The System Iron-Phosphorus-Carbon. Archiv Eisenhuttenwesen 
(1929) 3 , 369-81. 

G. Hagg: Reference of footnote 9. 

W. Koster: The Precipitation Hardness of Iron-Phosphorus Alloys. Archiv 
Eisenhuttenwesen (1931) 4, 609-611. 
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form of plates, but the intersection of these plates with the surface of 
polish reveals a fragmentary lacelike structure (Fig. 12). Despite this it 



Fig. 1 1 . — Widmanstatten figure in Fb-P alloy containing 3.2 per cent P. X 80. 

Etched with Stead's reagent (acid cupric chloride). 

Pig. 12. — Widmanstatten figure in Fb-P allot containing 3.2 per cent P. 

X 250. 

Etched with Stead's reagent (acid cupric chloride), followed by light buflBng to 
remove tarnish from phosphide. 


proved possible to procure unusually precise measurements of trace 
direction, as will be seen in the determination of the plane 
of precipitation. 
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In order to study this fine structure of the phosphide plate — a struc^ 
ture entirely absent in the nitride plate previously discussed — several 
phosphide plates were removed from the matrix by cleavage and acid 



Fro. 13. — Steuctubb op FbsP plate. Mounted on celluloid. X 10 
As removed from matrix by dissolution of matrix in nitric acid. 

Fig. 14. — Steuctubb op FbsP plate shown in pig. 13. X 1500. 

dissolution of the matrix. Fig. 13 is a good representation of the lace- 
like character of the plate. At higher magnification (Fig. 14) the fine 
structure of the plate is found to be fragmentary in character, the frag- 
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ments showing varying orientation. Evidently some complication in 
structure obtains in this Widmanstatten figure. 

Determination of Plane of Precipitation 

A section of the large ingot was selected and cut so that one large grain, 
nearly a centimeter in diameter, lay on both sides of an edge, the enclosed 
angle of which was determined as 88® by a reflection goniometer. The 
phosphide plate traces in this grain (Fig. 11) were often very long, occa- 
sionally over 1 mm., and though only a small percentage of the plates 
could be traced continuously around the edge, the length and precision of 
direction of the plates observed permitted rather unusual accuracy in the 
determination of their direction on one face and in the determination of 
their position in space by measurement of the angle formed with the 
edge by single plates on the two surfaces. All measurements were made 
on photographs taken at 80 dia. ; the length of the plate traces measured 
on these photographs varied between 3 and 100 millimeters. 

Frequency curves of directions upon each of the two surfaces were 
prepared by measurement of the directions of several hundred traces on 
each surface. The frequency curves obtained, however, apparently 
showed too many superimposed maxima, and though some of these 
maxima were sharply marked it proved impossible to determine the plane 
of precipitation by comparing the location of the trace normals with the 
poles of the planes of the matrix alpha planes fixed by an X-ray determina- 
tion, as was done for the Fe^N plates. The number of maxima was 
certainly greater than 12, and though 24 maxima could not be deter- 
mined with certainty, evidently a 24 rather than a 12-family plane 
was concerned. 

In order to determine this 24-family plane uniquely, well formed 
plates were traced around the edge and their positions in space determined 
in the usual way. The orientation of the matrix was then determined by 
X-rays and the observed plate poles and the poles of the planes in the 
alpha matrix compared upon a stereographic projection. 

Fig. 15 is one of the two stereographic projections made; these two 
represented entirely separate determinations affording identical results 
of comparable precision. The orientation of the alpha matrix deter- 
mined by X-rays is represented by the poles, the positions of which 
were derived directly from the X-ray films — ^these poles are indicated by 
crosses; the poles of the phosphide plates are represented by the open 
circles; the position of the edge of the specimen is represented by the 
short lines at the left and right of the stereographic circle. The position 
of the [100] poles may be introduced into this diagram directly from the 
known angles between these and the poles determined directly by X-rays. 
Upon rotation of these cube poles into the positions of the standard 
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projection, with the pole [001] in the center, the poles representing the 
positions of the phosphide plates take the positions shown by open circles 
in Pig. 16. These poles were then rotated into one quadrant as shown 
in Fig. 17 by means of appropriate symmetry operations in order to 
concentrate the data in an endeavor to assist in an accurate determination 
of the plane of precipitation. 

It will be observed in this figure and in an enlargement of it. Fig. 18, 
that all 20 points are concentrated in a very limited area. The center of 
gravity — the average or mean position — of these points corresponds to no 
plane of simple index. The nearest plane is the {12 1 4} plane, unless a 
plane of very high index be chosen. A wholly separate determination 




Fig. 15. — Sterbographic projection op poles of phosphide plates. 

Crosses represent poles of planes in the alpha matrix as determined by X-rays; 
circles represent poles of phosphide plates. 

Fig. 16. — Showing poles in Fig. 15 rotated into a standard projection. 

gave the same result; furthermore, analysis of the plate interpole angles, 
apart from the data on the orientation of the alpha matrix, led to the same 
result. The probable errors involved in the determination of the posi- 
tions of the orientation of the alpha matrix were not sufficiently large to 
permit a choice of a plane of lower index. The nearest plane of low 
index, (310), is definitely too far removed. 

The identity of the precipitated plates was confirmed by an X-ray 
powder photogram of some etched-out plates. All diffraction lines agreed 
with those reported by Hagg for FesP. A determination of the orienta- 
tion of the lattice in the individual plates was not attempted, although 
some Laue photograms were taken which indicated an unsymmetrical 
orientation of the lattice with respect to the surface of the plate. All 
of the photograms contained evidence of considerable fragmentation of 
the plates with a deviation sometimes amounting to several degrees 
between the orientations of the different fragments. 
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Discussion of Results 

The apparent choice of the {12 14} planes is unusual, but in view of 
the incomplete data on the structure of the compound FesP and on the 
orientation of the FesP with respect to the plane of the plate, no analysis 
can be attempted. The determination of this plane demonstrates, 
however, that planes of high index may be chosen, and that no very 
simple general theory can be advanced to explain these structures. The 
concentration of the poles of the plates within a very narrow range as 
shown in Fig. 18 indicates that only one plane in the alpha lattice is 
chosen for precipitation, and except for this the fragmentary character of 
the plate is reminiscent in some respects of the fragmentary character of 



Fig, 17. Fig. 18. 

Fig. 17. — Showing poles in fig. 16 rotated into one quadrant of stbreographic 

CIRCLE. 

Fig. 18. — ^Enlargement of projection shown in fig. 17. 

the FeaC plate precipitating from austenite.^^ It is not known whether 
the magnetic transformation in the FesP phase^® is accompanied by a 
change in crystal structure; if so, this might help to explain the observed 
fragmentation. There is no analogy between the FesP and Fe 4 N cases, 
though both form from a Fe solid solutions. 

Summary 

1. It is shown that the phase Fe 4 N precipitating from the solid solu- 
tion of nitrogen in a Fe takes the form of plates lying parallel to the {210} 
planes in the a Fe matrix. It is further shown that a {112} plane in the 
Fe 4 N plane lies parallel to the plane of the plate and thus parallel to a 
{210} plane in the a Fe matrix, presumably with the close-packed strings 
of atoms in the two planes mutually parallel. 

2. Comparison of lattice dimensions shows that no very good reason 
can be advanced for the selection of these two planes as conjugate planes 

R. F. Mehl, C, S. Barrett and D. W. Smith: Reference of footnote 11. 

1® J. L. Haughton: Reference of footnote 13. 
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in the precipitation process if the matching of atom positions upon single 
planes alone be considered; other planes show equally or nearly equally 
good matching. Comparison of atom positions in adjacent atom layers, 
however, shows that the orientation chosen involves minimum movement 
during precipitation for several atom layers. 

3. It is shown that FesP precipitating from the solid solution of 
phosphorus in a Fe takes the form of lacelike and fragmentary plates 
lying approximately parallel to the { 12 1 4 } planes. The lack of necessary 
crystal structure data prevented further analysis of this structure. 
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DISCUSSION 

(F. B. Foley 'presiding) 

L. W. McKebhan,* New Haven, Conn, (written discussion). — This comment has 
to do with the tentative assignment of indices (12 1 4) to the planes in a iron on which 

FesP plates are found. Fig. 19 shows a 
large-scale steroographic projection of 
the triangle shown in Figs. 17 and 18. 
It will be noticed that there arc two 
planes of lower indices than (12 1 4) in 
the near neighborhood — loss than 2® 

' away. Of these two, (913) has a higher 
atomic population in the ratio 
1.33 but lies in the wrong direction. 
The other, (1114), has a higher atomic 
population than (12 1 4) in the ratio 
= 2.16 and seems, as far 
as can be judged by Fig. 18, to agree 
better with the data. The reason for the factor 2 before the last radical is that while 
(12 1 4) and (913) have half the normal spacings for a simple cubic lattice, (11 14) has 
the normal spacing. The other points with double circles are similar to (11 1 4) in 
this respect. 

R. F. Mehl. — Professor McKeehan^s suggestion that the (11 14) plane is more 
nearly in agreement with the data presented than the (12 14) plane, is true, but the 
difference is not great. A most probable value for the index of the plane of precipita- 
tion in the Fe-P case was not mentioned in the paper, but was obtained by averaging 
the cosines of the angles between each experimentally located pole and each of the 
{100} poles in turn. For the data presented in Figs. 17 and 18 the average cosines 
were 0.9397, 0.3319, 0.0786, giving Miller indices very close to (48 17 4), since the 
cosines stand in the same ratio as the Miller indices. The angle between (48 17 4) 
and (11 4 1), suggested by Professor McKeehan, is about while the angle between 

* Director, Sloane Physios Laboratory, Yale University. 





DISCUSSION 


229 


(48 17 4) and (12 4 1) is about 1° — ^both obviously within experimental error. The 
greater atomic population of the (11 14) plane, however, is an argument in favor of 
this plane and we are grateful for the suggestion, I am somewhat inclined to doubt 
that either of these planes is truly a plane of precipitation in the sense used in this 
series of papers; that is, a plane parallel to which the precipitate plates lie and parallel 
to which shearing movements take place, transforming the matrix lattice into the 
precipitate lattice, for the microstructure of the plates shows a complexity which 
suggests a complicated mechanism. It is probably wise to withhold the assigning 
of specific importance to these planes until the Widmanstatten figure is more com- 
pletely studied. 



Observing Formation of Martensite in Certain Alloy Steels at 

Low Temperatures* 


Bt O. a. Knight! and Helmut MtiXiLBR-STocK, t State College, Pa. 

(New York Meeting, February, 1934) 

The suppression of the austenite-martensite transformation that can 
be brought about by the addition of certain alloying elements, such as 
manganese or nickel, to plain carbon steel has been known for a long 
time, especially since Guillet’s investigation at the beginning of this 
century. The extent to which the critical range is lowered depends upon 
the percentage and nature of the special element added. First the Ari 
point is lowered gradually, then at a certain percentage a sudden lowering 
to about 300® C. occurs. The addition of still larger percentages of the 
alloy may result in lowering the Ari point to room temperature or below, 
in which case the steel remains austenitic at room temperature, especially 
after rapid cooling. 

The ejBfect of alloying elements of this general type on the lowering of 
the transformation temperature is well illustrated by Sauveur^^^§ in his 
Fig. 281a, reproduced here as Fig. 1. This type of curve is characteristic 
of both manganese and nickel though it requires about 2J4 times as much 
nickel as of manganese to produce the same result. The influence of nickel 
in retarding the transformation of austenite into the lower transition 
constituents is due to its lowering of the critical range of the steel, which 
is also well illustrated by Sauveur^^^ (after Osmond) in his Fig. 284, 
reproduced here as Fig. 2. Scott^^®^ presents a diagram illustrating the 
effect of manganese on the Aca and Ars points which is strikingly similar 
to the diagram above referred to in Fig. 2 concerning the effect of nickel. 

Lowering the critical range has the effect of increasing the viscosity, 
or, rigidity, of the alloy at the time when it is undergoing its transforma- 
tion, which greatly slows down the transformation reaction velocity, 
and this, in turn, makes it easier to suppress, wholly or in part, the trans- 
formational changes. Reaction rates are normally much slower at low 
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temperatures than at higher temperatures due to decrease in atomic 
mobility with decrease in temperature. It is, therefore, quite easy to 
obtain austenite at room temperature in certain alloy steels by quenching 



y* Carhon 

^ Special * 

Coating Wfe/ot/ty 
^uenchln^ TetnpCKoturc 

Fig. 1. — Effect of allot elbmeots on transformation temperature. (Sauveur,) 

or even by slower cooling velocities than result from quenching, and some 
of these steels will transform partly or wholly to martensite when cooled 



Fig. 2. — ^Influence of nickel on the critical points of iron. (Osmond.) 

to temperatures substantially below room temperature, for instance, by 
'Mry ice'^ (solid carbon dioxide) mixed with ether, or by liquid air. 
Hadfield manganese steel is so sluggish in this respect that no noticeable 
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change in microstructure is observable when it (in the austenitic condi- 
tion) is cooled to liquid air temperatures. Certain nickel steels, on the 
other hand, and those containing nickel together with some silicon, are 
easily made austenitic and retained in that condition at room tempera- 
ture, but when cooled to sub-zero temperatures transform partially or 
wholly (apparently) to martensite. The present paper deals with steels 
that behave in this manner. 

Previous Investigations 

The possibility of cold treatment of steel has been known for a con- * 
siderable time. In 1914 Chevenard^^^ determined the position of the Ari 
point at —125° C. In 1920 Witold Broniewski^^^ obtained a French 
patent for ^'Superficial Hardening of Certain Special Steels” by cooling 
rapidly to low temperature. Mathews,^^^ Sykes and Jeffries,^®^ Harder 
and Dowdell, Honda and Iwas6,^^^ Bain and Waring, all have worked 
on the behavior of austenitic steel when treated with liquid oxygen or 
liquid air. Luerssen and Greene^®^ determined the critical points of 
some special chromium-nickel and nickel-silicon steels. Tammann and 
Scheil,^^®^ and Schroeter,^^^^ ascertained, by means of the change 
in magnetic properties, that the transformation takes place actu- 
ally at the low temperature and not after having again reached the 
room temperature. 

The above-mentioned papers have all dealt more or less with the 
change in physical properties, such as hardness, strength and magnetic 
permeability, brought about by cold treatment. H. J. Wiester,^^^'^®^ at 
the suggestion of Hanemann in Berlin-Charlottenburg, studied the 
austenite-martensite change in a steel with 1.65 per cent carbon, which 
can be suppressed to below 100° C., and he succeeded in taking moving 
pictures of the transformation. In the United States, Rogers and 
Van Wert, at Harvard, have also obtained motion picture films of a 
similar phenomenon (the A3 transformation in pure iron) but they, too, 
were working at temperatures well above room temperature. 

Present Methods and Observations 

The object of the present study was to observe under the microscope, 
if possible, the formation of martensite from austenite at temperatures 
considerably below room temperature. It was hoped that the reaction 
velocity would be so slow at these low temperatures that the mechanism 
of the formation of an individual martensite needle could be closely 
observed. It was hoped also that these low temperatures could be 
obtained on the surface of the specimen under observation without injury 
to the microscope objective. Steels were selected which seemed to be 
entirely austenitic after brine quenching from 1000° C. but would give 
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rise to the formation of abundance of martensite when cooled to the 
temperature of solid carbon dioxide in ether, or of liquid air. 

The steels used were furnished by the Carpenter Steel Company, 
Reading, Pa. They were identical in composition with alloys No. 22 and 
24, studied by Luerssen and Greene.^®^ The analyses were as follows: 


C Mn Si P S Cr Ni 

A 0.16 0.27 3.91 0.011 0.021 0.05 24.97 

B 0.10 0.24 1.46 0.009 0.026 0.03 25.91 


It was believed that etching reagents could be dispensed with, since 
the volume increase accompanying the formation of martensite produces 
figures of martensite on a polished surface. Some preliminary work 
was done to determine whether this were true concerning the steels about 
to be tested. Several samples were brine-quenched from 1000° C., 
polished, and then given a bath in liquid air. Subsequent examinations 
disclosed satisfactory martensite markings on the polished surface. Dry 
ice and ether gave less impressive results than liquid air. All of these 
preliminary results were sufficiently encouraging to justify the building 
of an apparatus which would permit observation of the progress of the 
change under the microscope. 

Apparatus and Procedure 

As often happens, the first apparatus was entirely too complicated, 
but by eliminating unnecessary parts it eventually became both simple 
and workable. Fig. 3 shows the equipment as finally used. In the 
assembled apparatus, the specimen A rested in the threaded cap B 
open at the lower end. Into the upper end of this cap was screwed 
the threaded pipe (7, until it rested against the specimen. Between 
the threaded pipe and the specimen, and between the specimen and the 
threaded cap, rubber gaskets J were inserted to prevent leakage. Tripod 
B, with adjustable feet for leveling, was shpped over the upper end of 
the threaded pipe and prevented from coming off by the threaded ring 
D. This assemblage could be placed on the microscope stage for exami- 
nation of the polished (lower) face of specimen, leaving an open space 
between the threaded cap and the objective /, thus making it possible 
to connect the cap and the objective with a thin rubber hose Kj into one 
side of which was inserted the glass bulb (?, containing phosphorous 
pentoxide as a desiccating agent. For examination, a brine-quenched, 
polished specimen was inserted in the apparatus, fresh P 2 O 6 was put into 
the glass bulb, and the assembly was placed on the stage of a large metal- 
lograph. The surface of the specimen was leveled and focused, after 
which several hours were permitted to elapse in order to permit the atmos- 
phere enclosed between the specimen and objective to become thoroughly 
dry. If this precaution were neglected, moisture would condense and 
freeze on the specimen and obscure the vision of the metal surface. When 
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temperature measurements were desired, a very small (28-gage wire), 
carefully calibrated, copper-constantan thermocouple was employed, 
with its junction secured to the polished surface of the specimen by a 
tiny strip of adhesive tape. The image of the specimen was projected 



Fig. 3. — Appabattjs pob obsbbvustg effect of low tbmpbbatubb on a mbtal 

SPECIMEN. 

on to the ground glass of the metallograph or on to a screen immediately 
back of the open bellows. 

An electric fan was so placed as to prevent the fumes from the liquid 
air from interfering with the light from the arc. When all was ready, 
the cooling was done by either solid carbon dioxide and ether or by liquid 
air. When the former was employed, ether was poured into the container 
(the bottom of which was the specimen and the sides the threaded pipe) 
to a depth of about 3^ in. and into this, chips of dry ice were inserted. 
With a little practice, the rate of cooling could be fairly well controlled. 
The cooling efficiency of the apparatus may be estimated by noting that 
the thermocouple on the polished surface registered —76° C. when dry 
ice and ether were used, and well below —150° C. when liquid air was 
employed. The rate of cooling with liquid air was also susceptible to a 
certain measure of control by the rate at which liquid air was poured in. 

. During cooling, the surface of the specimen was constantly watched. 
Usually nothing happened until a temperature of about —35° C. was 
reached when, very suddenly, a needle of martensite would appear. 
Others would follow at various points in the field of observation. The 
rate at which the needles multiplied seemed to be roughly proportional 
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to the rate of cooling to lower temperatures. It was observed that each 
individual needle formed almost instantly to its full size and did not grow 
subsequently, very much like the popping of pop-corn. After observing 
this phenomenon a number of times, several attempts were made to 
obtain moving pictures of the change, thus far without success; it prob- 



Fig. 4. — Stbuctueb developed during cold treatment under the microscope. 

Steel A , unetched. X 150. 

ably can be done, however, and our efforts are being continued. It is 
hoped that high-speed pictures can be obtained, which, when projected 
at ^'slow motion will permit the positive determination of the rate of 
formation of individual martensite needles. ■ 

In several instances, one of us happened to be looking directly at the 
spot on the field when a large martensite needle formed. One end of this 
needle seemed to appear first, and the rest propagated along the surface to 
the other end of the full grown needle, like the raising of a ridge by a mole 
at work, only very much faster. If the formation of an individual needle 
is slow enough to be actually observable by eye, as seemed to be the case, 
moving pictures ought to determine the rate accurately. Moreover, 
the reaction rate at —35° to —150° C. should, theoretically, be so much 
slower than at +100° C. and higher, as to make it capable of determina- 
tion at the lower temperatures, in view of the results achieved at higher 
temperatures by Hanemann and Wiester.^^**^®^ Hence, although other 
investigators report that martensite needles form ''instantly,” it is 
believed that the speed of formation is such, at the low temperatures of 
the transformation, as to offer an unusual opportunity for study. 

An idea of what was seen to occur during the formation of martensite 
may be obtained from Fig. 4, which is a photomicrograph of steel A, 
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after brine quenching from 1000° C., polishing, and treating with liquid 
air on the microscope. Before the cold treatment, nothing was visible 
except a plane polished surface. During the cold treatment, the structure 
shown in Fig. 4 developed. The microstructures of this steel after various 
mechanical, hot, and cold treatments, as revealed by the usual polishing 
and etching, is so clearly shown in the paper by Luerssen and Greene 
that it was thought unnecessary to repeat them here. 
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DISCUSSION 

{H. M. Boylston presiding) 

H. S. Rawdon,* Washington, D. C. (written discussion). — The method described 
by the authors is one that is capable of furnishing some very instructive results and 
useful information on the mechanism of martensite formation in steels. A suitable 
recording, preferably in the form of motion pictures, is very desirable and essential 
for studying the surface changes so aptly described by the authors as comparable to 
the '^popping of corn'^ and the growth^' of a single martensite needle, which as 


Chief, Division of Metallurgy, U. S. Bureau of Standards. 
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seen on the surface is similar to what one sees as a mole is at work in the ground. 
In this connection it would seem desirable to experiment with an initially polished 
and etched surface in order to show whether or not any particular feature in the visible 
microstructure can serve as a nucleus at which a needle can form and grow. 

The characteristic ascicular or needlelike structure of a martensitic steel is without 
doubt intimately associated with the highly stressed condition of martensitic steel, if, 
indeed, it is not wholly the result of such a stressed condition, the volume increase 
resulting from the lattice change being largely the origin of stress. The authors’ 
description of the growth of a martensite needle is very suggestive of what one may 
see on a larger scale in the formation of the so-called ^^Luders’ lines” in soft steel under 
stress. In a properly prepared specimen when stressed, one may often trace the 
progress of the deformation “wave” throughout the body of the specimen. Not 
infrequently the advancing front of this wave takes the form, as seen from the surface, 
of a thin sharp needle which slowly penetrates into the as yet undeformed metal. 
Needles from different origins and proceeding in different directions may intersect 
and cross each other without losing their identity. 

Another feature that lends support to the hypothesis that the martensite “needle 
structure” is largely a stress phenomenon is the existence of the microscopic cracks in 
severely quenched steel, which was demonstrated a number of years ago by work 
carried out by Samuel Epstein and the writer^^ and which has been so beautifully 
confirmed and extended since by Lucas. 

So far as the formation and extent of these microscopic cracks are concerned 
with respect to the structure of the steel, the needles are structural units existing 
apparently independently of any finger grain structure in the steel. 

The writer sincerely hopes that the authors will find opportunity to carry their 
studies further and be successful in their endeavor to obtain a motion picture showing 
the details of this phase of the process of martensite formation. 

G. V. Lubrssen and 0. V. Greene,* Beading, Pa. (written discussion). — ^The diffi- 
culties in devising a suitable apparatus for work of this character, and the ingenuity 
displayed in overcoming these difficulties can only be appreciated by those who have 
attempted similar metallographic work, and the authors are to be congratulated upon 
having devised a successful tool to show the formation of martensite in progress. 

We should like to ask whether the authors have made any observations on speci- 
mens in which the austenite grain boundaries were first developed by etching, and 
if so in what part of the grain the first martensite appeared; that is, close to the 
boundaries or close to the center of the grain. Also, whether or not hardness deter- 
minations were made before or after passing through the martensite change upon 
the specimen shown in Fig. 4. 

0. A, Knight (written discussion). — ^The work suggested by Mr. Rawdon, of 
taking moving pictures of polished and etched structures, was under way at the time 
this paper was read and has recently (May 21, 1934) been carried out. The results 


H. S. Rawdon: Strain Markings in Mild Steel under Tension. R. P. No. 15. 
U. S. Bur. Stds. Jnl. of Research (1928) 1 , 467. 

H. S. Rawdon and S. Epstein: The Structure of Martensitic Carbon Steels and 
the Changes in Microstructure which Occur upon Tempering. U. S. Bur. Stds. 
Sd. Papers (1922) 18 , 373. 

F. F. Lucas: On the Art of Metallography (Howe Memorial Lecture). Trans. 
A.I.M.E. (1931) 96 , 4. 

* Carpenter Steel Co. 
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will be described in another paper. Much, however, is yet to be learned by this 
method of study and it is being continued. 

In reply to the questions by Mr. Luerssen and Mr. Greene, it is hoped that work 
now in progress will definitely show where martensite needles first form within an 
austenite grain. It is believed that careful study of the moving pictures, properly 
slowed down, will furnish the answer, but as yet this phase of the work has not been 
completed. Hardness tests were not made in this preliminary study but in more 
recent work hardness determinations were made before and after cold treatment 
as well as after tempering to different temperatures subsequent to cold treating. It is 
planned to include all these results in a future paper. 



Classification of Alpha Iron-nitrogen and Alpha Iron-carbon 
as Age-hardening Alloys* 


By John L. Burns, Bethlehem, Pa. 


(New York Meeting, February, 1934) 

The object of this chapter is to present data concerning the effect of 
the introduction of relatively slight amounts of carbon and nitrogen into 
supersaturated solution in iron. The study is confined to the alpha 
temperature range of both the Fe-C and Fe-N systems. The age-harden- 
ing characteristics of these two systems are considered. These data are 
compared to those of other age-hardening alloy systems and a “ classifica- 
tion is essayed. 

A. — Relation of Lattice Parameter and Electrical Conductivity 

TO Changes in Physical Properties Due to Aging of Fe-C 

Alloys 

Since Whiteley^ in 1927 showed that some of the iron carbide 
that is normally present in slowly cooled low carbon-iron alloys 
disappears on rapid cooling from just below the Ai point, interest 
has been manifested in the possibilities of age-hardening in 
these alloys. 

Masing and Koch,^ and at the same time and independently, W. 
Koster,^ proved these alloys to be age-hardenable. A, A. Bates^ a little 
later also published an interesting paper on changes in physical properties 
due to the aging of low-carbon steels. Many other papers have appeared 
showing changes in physical properties in specific instances due to this 
same phenomenon. 


Manuscript received at the ojfRce of the Institute. 

* The work presented constitutes a part of the author’s thesis as partial fulfilment 
of the requirements for the degree of Doctor of Science at Harvard University. 
1 Whiteley: Jnl. Iron and Steel Inst. (1927). 

® Masing and Koch; TFiss. Fer. d. Siemens-Konzern (1927) 6, 202-210; Archiv 
f. d. Eisenhiittenwesm (1928-29) 2, 185-186. 

® Koster: Archiv f. d, Eisenhuttenwesen (1928-29) 2, 194r-195, 503-522. 

^ Bates: Amer. Soc. Steel. Treat. PreprirU (1932). 
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AGE-HARDENING OF ALPHA FE-N AND FE-C ALLOYS 


From the changes in physical properties Masing and Koch^ likened 
this aging to that found in duralumin. Dr. Bates believed the hardening 
to be due to the precipitation of iron carbide. See Fig. 1. 

Since that time, however, Fraenkel,® Dr. Merica,^ and others have 
indicated that all age-hardenable alloys do not behave as does duralumin. 
Duralumin age-hardens at room temperature without any indication of a 
relief of supersaturation in that the lattice parameter does not change 
and the electrical conductivity decreases. Aging duralumin at higher 
temperatures (150° to 250° C.) shows actual relief of supersaturation 



Fig. 1. — Constitutional diageam iron-cabbon solid-solution portion enlarged 
by a. a. Bates {Reprint Amer, Soc. Steel Treat, 1931). 

Point E is disputed, estimations varying from 0.00 to 0.02. 

where the parameter approaches that of the solvent and the electrical 
conductivity increases. There is a hardness increase in both instances. 

These facts are the basis of Merica's ‘^knot” theory. This theory 
proposes as an explanation for the room-temperature hardening that the 
copper atoms move to segregated spots which he designates as '^knots,'^ 
which make themselves evident by decreased conductivity, increased 
hardness, and no change in lattice parameter. 

He distinguishes this action from the aging at higher temperature, 
where, he believes, actual precipitation does occur, as shown by the 
corresponding increase in conductivity and the expected lattice changes. 
Hardening here is due to the fineness of division of the precipitate. 

After reading Dr. Merica's comprehensive survey of the field of age- 
hardening, one may well feel that to say that an alloy is age-hardenable is 
a broad statement which may be applied to any alloy that hardens on 

® Masing and Koch: Eeference of footnote 2. 

® Fraenkel: Ztsch. f. Metallkunde (1930) 22, 84. 

7 Merica: Tmns. A.I.M.E. (1932) 99 , 13. 


JOHN Xj. BUKNS 


241 


aging, but to say that an alloy shows the “duralumin type'' of aging 
definitely classifies it. 

For ease of reference, the writer has tried to classify in Table 1 the 
types of systems one may expect from an age-hardenable alloy based upon 
the work of others, which are considered in Dr. Merica's paper. From 
this table one may easily find where his alloy compares, provided he has 
made the necessary measurements. 

Aside from the usual changes in physical property, the other observa- 
tions necessary in classifying an iqq 

alloy are the lattice parameter, 

the electrical conductivity and 

metallographic examination. ^ ^ ^ 

Density and slight dimensional 

changes measured by means of a s so 

dilatometer often help. I ^ 


On the Element Causing Aging 
in Commercial Steel 

In the ordinary commercial 
steels varying amounts of P, Si, 
Mn, 0, Cu, N and C are found. 
Of these P, Si, Mn and Cu form 
solid solutions at room tempera- 
ture in alpha iron to an extent 
well beyond the amounts found in 


A - Annealed from Jus f above 
the CrIHca/ Range 

B " Same as A j then Quenched 
from 675 X. 

C - Aged JO Days af Room - 
Temperature 


0.40 0.60 0.80 

Carbon, per cent 


Fig. 2. — Effect of increasing carbon 


ordinary steels. The effect of the content on hardness changes due to 
- . ... AGING OF plain CARBON STEELS. 

presence of these impurities 

upon the solubility of any one of the group, however, cannot be 
stated accurately. 

Effect of Nitrogen. — The nitrogen present in ordinary steels is lower 
than that usually reported for the room-temperature solubility. Since 
the change in solubility of carbon between room temperature and 500° C. 
is very slight, and since 500° C. is suflSciently high to dissolve all the nitro- 
gen ordinarily present in steel, the effects, if any, may be easily separated. 
Some preliminary tests indicated that nitrogen need not be considered 
seriously. The age-hardenable effect, as the previous investigations 
have shown, is now traceable, principally, to either oxygen or carbon 
or both. 

Effect of Carbon and Oxygen. — An examination of their equilibrium 
diagrams shows that the maximum solubility of each of these two elements 
in alpha iron occurs at the same temperature; namely, the Aj point. 
This complicates their separation- Attempts have been made to remove 
the carbon by annealing in hydrogen in order to separate their effects. 
The diflSiculties are obvious. 
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AGE-HAEDENING OF ALPHA FE-N AND FE-C ALLOYS 


The change in physical properties of the higher carbon steels on aging 
are of interest, but they tend to complicate an explanation of the phenom- 


Table 1. — Classification of Age-hardenahle Alloys^ 


Type 

Group 

E:camples 

Electrical 

Conduc- 

tivity 

Lattice 

Parameter 

Proposed 

Name 

Predicted 

1 

A 

8 per cent Cu-Ag al- 
loy, Mg-Cu alloys 
at any age-harden- 
ing temp. 

Increased 

Returns toward 
solvent lattice 

Precipitation- 

hardening 


B 

Cu-Al alloys (dura- 
lumin) at 150° to 
250° C, At specific 
temperatures 

Increased 

Returns toward 
solvent lattice 

Precipitation- 

hardening 

Not 

Predicted 

C 

2.5 per cent Be-Cu 
alloy aging at 200° 
C. Ti-Ni-Mn steels 

Decreased 

. 

Returns toward 
solvent lattice 

Precipitation- 

hardening 

(?) 

1 

D 

Cu-Al (duralumin) 
alloys aging at room 
temp. 

Decreased 

No change 

Intrasolution- 

hardening 



Fe-N and Fe-C al- 
loys aging at room 
temp. 

Increased 

No change 

Intrasolution- 

hardening 


® Based upon three variables; Temperature, electrical conductivity and lattice 
parameter. (Hardness increasing in all cases.) 

* From present paper. 


Table 2. — Hardness Changes of Carbon Steels 


Carbon, Per Cent 

Eookwell B Hardness 

As Annealed 

As Quenched at 676® C. 

As Aged 30 Days at 
Room Temp. 

0.02 

40,5 

64.5 

83.0 

0.10 

55.5 

74.5 

87.6 

0.20 

65.0 

78.6 

88.6 

0.40 

82.0 

85.0 


0.50 

87.0 

89.5 


0.95 

92.5 

95.3 

96.7 


ena. A plot in Fig, 2 of the results in Table 2 brings out the fact that the 
aging as measured by hardness increase in the higher carbon steels is very 
slight as compared to that in low-carbon steels. This would tend to 
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lend credence to the possibility that aging is due to oxygen, and that 
because the oxygen in solution decreases with increasing carbon content 
the aging decreases. It should be pointed out, however, that changes 
in physical properties are not really a measure of precipitation, but an 
indicator. This is especially true when the original physical properties 
differ as they do in the case of a low-carbon and high-carbon steel. The 
X-ray measurements bring this out quite clearly. 

Changes in Lattice Parameter of Alpha Iron Due to Quenching from Below 

the Ax Point 

In this investigation an effort has been made to obtain irons of varying 
carbon content, but with a sufficiency of oxygen present in each case to 
meet the maximum solubility requirements in alpha iron. However, 
according to Zeigler,® the solubility of oxygen increases with decreasing 
carbon content. The effects should certainly be distinguishable, if this 
be true. 

A Shearer tube (self-rectifying) with a chromium target and a Sachs 
camera comprised the set-up (Fig. 3). The method of recording used is 
known as the ''back reflection'^ method. The size of the samples was 

H by K by 34 inch. 

The solid samples were heated without protection in an electric fur- 
nace for br. at 680® C. and treated as specified. The preparation of a 
sample for the X-ray measurements consisted in polishing down through 
00 paper and etching lightly with a 5 per cent nital solution. 

Pjfect of Carton, — The results from Table 3 are plotted in Fig. 4. 
The effect of increasing carbon content upon the lattice parameter of 
alpha iron is readily discernable. The carbon atom, on being allowed to 
enter the interstices of the iron lattice at the higher temperature, is 
retained in its interstitial type of solid solution (supersaturated) by 
quenching in iced brine. The resulting effect is an enlarged lattice 
reflected in the increase in dimensions of the cube edge. 

Effect of Oxygen. — Since the solubility of the oxygen increases with 
decreasing carbon, and since the cube edge decreases with decreasing 
carbon in solution, it seems obvious that oxygen is not the cause for 
supersaturation. Further proof of the inability of oxygen to cause super- 
saturation is given by the Wemco iron shown in Fig. 5. This iron was 
obtained from the Westinghouse Research Laboratories and its analysis, 
which was supplied by them, is as follows: C, 0.004 per cent; N, 0.004; 
O, 0.10. Twenty-four other elements were analyzed. Fe by differ- 
ence = 99.85 per cent (excluding oxygen). No change in lattice param- 
eter is noted on quenching from 680® C,, though the total oxygen content 
is high. 


® Ziegler: Amer. Soc. Steel Treat. Preprint (1932). 
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AGE-HAEDENING OP ALPHA PE-N AND PE-C ALLOYS 



Fig. 3. — ^X-kat appabatus used in this investigation. 
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Table 3. — Effect of Increasing Carbon Content on Lattice Parameter of 

Alpha Iron 



Total Carbon, 
Per Cent 

As Annealed from 680® C. 

. J 

As Quenched from 680° C. 

Change in A. 
Due to 
Quench 

Sample 

C in 

Solution, 
Per Cent 

A. 

C in 

Solution, 
Per Cent 

k 

A 

0.004 

0.004 

2.8606 

0.004 

2.8605 

0.0000 

B 

0.011 

0.005 

2.8605 

0.011 

2.8609 

0.0004 

C 

0.015 

0.005 

2.8605 

0.015 

2.8612 

0.0007 

D 

0.018 

Commercial 

0.005 

2.8605 

0.018 

2.8612 

0.0007 

E 

0.10 

Special 

0.005 

2.8605 

0.035 

2.8621 

0.0016 

F 

0.10 

0.005 

2.8604 

0.035 

2.8619 

0.0015 

G 

0.95 

0.005 

2.8605 

0.035 

2.8619 

0.0014 


Effect of Ordinary Impurities . — In an experiment to determine the 
effect of ordinary impurities upon the solubility of carbon in alpha 
iron a commercial 0.10 per cent carbon steel was compared to a specially 
purified 0.10 per cent carbon steel. The latter was prepared by adding 
0.15 per cent carbon to the pure Westinghouse iron described above and 
melting in vacuo. A comparison of the results may be seen in Table 3. 

Fig. 6 A is a plot of the results of Table 4. There is no change recorded 
in lattice parameter during aging at room temperature. 


Table 4. — Change in Lattice Parameter With Aging at Room Temperature 
in 0.10 Per Cent Carbon Steels 


Lattice Parameter in Angstroms 


Sample 

As 

Annealed 

As 

Quenched 
at 680® C. 

4 Days at 
Room 
Temp. 

12 Days at 
Room 
Temp. 

30 Days at 
Boom 
Temp. 

Commercial 0.10 per cent C steel, 
SAE 1010 

2.8605 

2.8621 

2.8621 

2.8621 

2.8621 

Specially purified 0.10 per cent C 
steel 

2.8604 

2.8619 

2.8619 

2.8619 

2.8619 


Hardness and Tensile Strength 

Figs. &E and 6F are plots of the hardness results reported in Table 5, 
which shows maximum hardness in aging at room temperature. A 
corroboration of this fact is obtained from the increase in tensile strength 
under like conditions. It must be remembered, however, that in age- 
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hardening systems tensile strength and hardness do not always attain 
their maxima at the same time, although they generally do.® 

The maximum hardness and strength are recorded by aging at room 
temperature, whereas no changes occur in the lattice parameter. This 



Fig. 5. — ^Iron-oxidb inclusions in Wbmco iron. X 75. 

fact would seem to indicate that in this system room-temperature harden- 
ing is chiefly a function of the atomic motion within the supersaturated 
solution prior to its true decomposition, as explained by Dr. Merica. 

The effect of aging on the tensile strength is shown also in Table 5. 


Table 5. — Effect of Aging on Mechanical Hardness and Tensile Strength of 

SAE 1010 Steel 

Rockwell B Hardness 


As annealed 

55.5 

H tr. at 50° C 

77.2 

As quenched at 675° C 

74.5 

H hr. at 75° C 

86.0 

10 days at room temperature 

83.0 

M hr. at 100° C 

82.0 

30 days at room temperature 

100 days at room temperature 

87.5 

89.5 

K hr. at 226° C 

K hr. at 500° C 

68.3 


H hr. at 700° C 

56.5 


Tensile Properties 


Treatment 

Tensile Strength, 
Lb. per Sq. In. 

R. A., Per Cent 

Elongation, Per 
Cent in 2 In. 

As annealed 

65.600 
63,500 

83.600 

38.4 

32.8 

As quenched at 680° C 

38.4 

30.1 

30 days at room temp 

32.4 

20.5 



* Archer and Kempf : Trans, A.I.M.E. (1931) 93 , Inst. Metals Div., 114. 
Hanson and Ford: Jnl. Inst. Metals (1924) 32 , 335. 
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Changes in Microstructure 

The effect of rapid cooling upon the microstructure is best illustrated 
in a sample in which no pearlite is present. For this purpose, an Armco 
iron sample containing 0,018 per cent C was used. 




AgingTemperaiurem®C f6r30Min Aging fempera-fure in^C.-forSOMin 

(D) (E) 

PiQ, 0 , — Hardness, electrical conductivity and lattice parameter changes 
DURING AGING IN A 10 PER CENT CARBON STEEL OP S.A.E. CLASSIFICATION. 



Reheating Temperature,** C. (Then Cooled in Furnace) 


Fig. 7. — Effect op temperature upon the hardness op quenched Armco iron. 

See also Fig. 8. 

Fig. 7 is a plot of the hardness results and Fig. 8 shows the disappear- 
ance and then the appearance of the carbide particles, as the steel is aged 
at increasingly higher temperatures after quenching. 








A. Quenched at 680° C. No 

B. Reheated to 100“ 0. No 

cairhides 

C. Reheated to 250° C. Carbides 
reappear. 

A Reheated to 400° C. Further 
growth of carbides. 

E. Reheated to 680° C, Final stage 
of agglomeration. 
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Electrical Conductivity 

A study of the changes in electrical conductivity should throw further 
light upon the mechanism of age-hardening in this system. A sample of 
the same 0.10 per cent carbon steel used in the X-ray investigation was 
drawn down to approximately 34-hi. square rod for conductivity work. 
The rod was then annealed and polished to remove the scale and the 
surface decarburizing effect. 

Fig. 6jB (Table 6) illustrates the decrease in electrical conductivity 
due to quenching this 0.10 per cent carbon steel from 680° C. It may be 
seen, then, that the conductivity increases during aging at room tempera- 
ture, even when no precipitation or relief of supersaturation is indicated 
by the X-ray measurements. 


Table 6. — Changes in Electrical Resistance Due to Aging 
Expressed in Microhms 


As annealed 

739.8 

74 days at room temperature .... 

753.8 

As quenched at 680° C 

765.9 

134 days at room temperature . . . 

753.2 

3 hr. at room temperature 

765.9 

300 days at room temperature . . . 

749.0 

24 hr. at room temperature 

764.8 

H hr. at 75° C 

748,0 

10 days at room temperature 

759.5 

H hr. at 100° C 

746.0 

26 days at room temperature — 

756.6 

hr. at 150“ C 

745.5 

51 days at room temperature — 

754.7 

M hr. at 300° C 

740.5 


Percentage increase in resistance by quenching = 100 g — ^ = 3.52 per cent 

Temperature = 25.0° C. ± 0.1° C. 

Error = ±0.1 per cent 


In other systems a decrease in conductivity is usually noted during 
aging where knots’^ are formed. 

Dilatometric Changes 

Figs. 9 and 10 exhibit the dilatometric changes due to the aging of 
the 0.10 per cent carbon steel. This study was made possible by the use 
of a Chevenard photographic dilatometer. 

An annealed 0.10 per cent carbon steel and a 0.10 per cent carbon 
steel of the same material which had been quenched from 680° C. were 
used as the ^'standard^' and the ‘^unknown,^' respectively. These sam- 
ples were then placed in the dilatometer and heated to 400° C. The result 
is shown in Fig. 9. A contraction of the quenched sample occurred, 
which further corroborates the contraction recorded in the X-ray data. 

For the sake of comparison, the samples were left untouched and 
reheated to 400° C. It is obvious that there was no further change in 
length of the quenched, specimen. 
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Conclusions 

The following conclusions were suggested by the foregoing experiments : 

1. There is no measurable supersaturation of oxygen produced in 
alpha iron by quenching from just below the Ai point, according to 
X-ray measurements. 

2. The lattice parameter of alpha iron is increased with the introduc- 
tion of carbon in supersaturated solution. 



Fig. 9. — Showing expansion that takes place on aging a 10 per cent carbon 
STEEL FOR H HOUR AT 400° C. (ChBVBNARD PHOTOGRAPHIC DILATOMETER.) 

Fig. lO.-^AMB MATERIAL AS FiG. 9 REHEATED TO 400° C., INDICATING THAT NO 
FURTHER EXPANSION OCCURS. 

3. There is no change in lattice parameter on aging at room 
temperature. 

4. The electrical conductivity is decreased by introduction of carbon 
in supersaturated solution in alpha iron. 

6. The electrical conductivity increases on aging at room tempera- 
ture, and continues to do so on aging at higher temperatures, reverting 
back toward the annealed reading all the while. 

6. The hardening, during the room-temperature aging, apparently is 
due to some motion within the supersaturated solution before its 
true decomposition. 

7. Manganese and other impurities present in ordinary steel appar- 
ently have no measurable effect upon the lattice parameter of iron. The 
annealed purified iron plus carbon alloy used in this work had the same 
lattice constant as the annealed commercial steel. 

8. The commercial steel showed the name lattice changes due to 
quenching as did the purified iron-carbon alloy. This would seem to 
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indicate that the effect of ordinary impurities found in steel upon the 
solubility of carbon in alpha iron, even with increasing temperature, is 
very slight, 

B. — X-RAY Study of Causes of Age-hardening in Weld Metal 

The fact that both ordinary low-carbon steel and weld metal become 
embrittled by rapid cooling from below the Ai point followed by subse- 
quent aging is well known. The chief difference between the weld metal 
and ordinary steel is the high nitrogen and oxygen content of the former, 
which is introduced during the welding operation, particularly nitrogen. 

Koster^* was the first to note the effect of hardening of nitrogenized 
iron or steel after quenching and aging. See Fig. 11. Koster and Masing 
and Koch^° independently showed that carbon, also, may cause the aging 
of steel. 



Fig. 11. — CONSTITUTIONAL DIAGRAM OF IRON-NITBOGBN ALLOTS BY WbRNBR KoSTBR 

(Metals <fc Alloys, June, 1930). Compound is given as FB 4 N. 

Numerous other papers on the effect of aging upon the physical 
properties of steel have appeared since that time. The various investi- 
gators have also discussed the effect of oxygen upon the aging of steel. 
This has been a bit difficult to determine. 

More recently Hensel and Larsen^^ have discussed the effect of aging 
upon the physical and electrical properties of weld metal. Their paper 
brought forth a great deal of discussion, especially regarding the cause of 
the age-hardening. Hensel and Larsen decided that the aging during rest 


Koster: Archtv f, d, Eisenhuttenwesen (1930) 3, 1553-1658. 

10 Masiag and Koch: First reference of footnote 2. 

Hensel and Larsen: Trans. Amer. Soc. Steel Treat (1932) 19, 639. 
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at room temperature after quenching from 600° C. was due to a sub- 
microscopic precipitation of nitrides from the supersaturated solution. 

Preparation of Samples 

The present paper deals with an artificially prepared '^weld^^ metal. 
Armco iron containing 0.014 per cent C, 0.004 per cent N, 0.010 per cent 
Si, 0.015 per cent Mn, 0.025 per cent Cu and 0.015 per cent S was nitro- 
genized in order to determine the effect of the addition of nitrogen upon 
the various properties of the metal. Samples of a round ingot-iron bar 
^ in. in diameter and 0.2 in. long were nitrided for 111 hr. at 525° C. and 
slowly cooled in the furnace in the stream of ammonia. The nitrided 
samples were then placed in cast-iron chips and annealed for 100 hr. at 
650° C. to homogenize the nitrogen distribution. That this was accom- 
plished was proved by analyses taken from three different layers from the 
outside to the center of a sample. The nitrogen content after this treat- 
ment was 0.10 per cent. 

For the sake of terminology, the nitrogen-bearing iron will be called 
the ''weld*' metal, and the iron ^'as received'’ the ''base" metaL 

Efect of Nitrogen upon Lattice Parameter of Alpha Iron 

Fig. 12 is a plot of the data in Table 7. These data show clearly the 
marked increase in lattice parameter caused by quenching the nitrogen- 



Fig. 12. — ^Effect of ustoreasing nitrogen and carbon upon lattice parameter 

OF ALPHA IRON. 

containing weld metal in iced brine. The annealed weld-metal parameter 
likewise, but to a lesser degree, is larger than the annealed base-metal 
parameter. This probably is due also to the difference in nitrogen in 
solution. The base metal contains only 0.005 per cent nitrogen and since 
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the room-temperature solubility of nitrogen in alpha iron is usually 
regarded as 0.015 per cent the ^‘weld'^ metal will contain 0.010 per cent 


Table 7. — Effect of Increasing Nitrogen in Solution in Alpha Iron upon the 

Lattice Parameter 


Material 

Treatment 

Percentage of 
Nitrogen in 
Solution 

Lattice Para- 
meter, A. 

Base metal 

Annealed 

0.004 

2.8605 

Weld metal 

Annealed 

0.015 

2.8610 

Weld metal 

Quenched from 510° C. in iced 
brine 

0.10 

2.8627 


more nitrogen in solution than the “base^^ metal in the slowly 
cooled condition. 

Interrelated Effect of Carbon and Nitrogen 

It is interesting to note that, when carbon and nitrogen are together at 
a temperature sufficiently high to dissolve both, their effects, after quench- 
ing, upon the lattice parameter are not additive. That is to say, when the 
weld'' metal is quenched from 600° and 650° C. the same lattice reading 
obtains, but when the base metal is quenched from 500° C. no increase is 
recorded, whereas a quench from 650° C. does institute an increase in 
lattice parameter. Since the carbon content is the same in the weld 
and base metal, does this not mean that when both N and C are present 
N is dissolved by preference? 

A microscopic study was made of this point. When the base metal 
was quenched from 510° C. in iced brine no noticeable change occurred in 
the number or size of the carbide particles. But when the base metal was 
quenched from 650° C. in iced brine the carbides disappeared. 

The same two quenching treatments were carried out on the nitroge- 
nized iron or weld metal and the same effects upon the carbide obtained. 
(No nitride needles were present in either case.) 

The only conclusion that can be drawn is that nitrogen does not have a 
very great effect upon the solubility of carbon in alpha iron. 

Another interesting fact about these two atoms, nitrogen and carbon, 
which form interstitial solid solutions in alpha iron, is the great difference 
in their solubility limits and yet the similarity of their respective sizes. 
Nitrogen has a maximum solubility of 0.50 per cent at 580° C., while 
carbon has only a maximum solubility of 0.03 or 0.04 per cent at 720° C. 
The radius of the nitrogen atom is given as 0.71 A., according to van 
Arkel,i 2 Becker and Ebert, and Connell and Mark.^^ The first three 

Van Arkel: Physica (1924) 4, 286. 

Becker and Ebert: Ztsch. /. Physik (1925) 31, 268. 

Connell and Mark: Jnl. Amer. Chem. Soc. (1925) 47, 281. 
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named calculated this value from Goldschmidt's^® work on nitrides of 
Ti, V, Zr and Nb, all of which crystallize in a sodium chloride type of 
lattice. The last two investigators calculated this value from the distance 
between the carbon and nitrogen atoms in hexamethylene-totramine, 
which they determined to be 1.48 A., then assuming carbon to have a 
radius of 0.77 A., which is found to be true in the diamond. 

It might be well to point out, however, that Ott^® calculated a value of 
0.46 A. radius for the nitrogen atom, using aluminum nitride and that 
R. Blix^^ calculated a value of 0.82 A. from chromium nitride. 

Hardness Changes Due to the Introduction of Nitrogen 

Fig. 13 indicates that the hardness of the weld metal increases mark- 
edly on aging at room temperature without any chatige in the lattice 
parameter. This would seem tp indicate that the hardening at room 
temperature is not due to a precipitation of iron nitride, as supposed by 
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the previous investigators, but an “ intrasolution ” type of hardening, or, 
as Dr. Merica“ would say, a “knot-type” of hardening. 

Again, the peculiar difference between duralumin and the Fe-N alloy 
is that during the knot formation duralumin exhibits a decrease in elec- 
trical conductivity while the Fe-N alloy exhibits an increase. This is 
not peculiar to Fe-N alloys, however, for, as has been shown, the Fe-C 

“ Goldschmidt: Seochem. Vert. Geschiohle (1926) 7, 27. 

“ Ott: Ztach. f. Physik (1924) 22, 201. 

Blix: unpublished data. 

“ Meiica: Reference of footnote 7. 

Hensel and Larsen: Reference of footnote 11. 
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alloys behave similarly, both as regards the conductivity increase and 
the constant lattice parameter, during room-temperature aging. 

The 2.6 per cent Be-Cu alloy^^ shows a decrease in conductivity, while 
actual precipitation is occurring at 200° C., but it records a decrease then 
increase on aging at 250° C. The phenomena presented in this paper are 
not so surprising when these other results are viewed. 

The so-called “incubation period,^’ or rest immediately after quench- 
ing, during which no hardening takes place is exhibited by the Fe-N alloy 
also (Fig. 12). The hardness reading after quenching and after 2 hr. 
rest (during which the as-quenched X-ray picture was taken) were 75.0 
and 75.3 Rockwell B, respectively. 

The fact that the two elements, N and C, do not have additive effects 
when present together, as pointed out in the X-ray results, is corroborated 
in the hardness findings. Quenching the weld metal from 500° and 
650° C. does not show much difference in hardness increase, either as 



Fio. 14. — ^Effect on weld metaii of aging at elevated tempbratubb. 

quenched or during subsequent aging, whereas quenching the base metal 
from these temperatures shows marked differences. After quenching 
from 500° C* the base metal shows very slight hardness increase but after 
a quench from 650° C. shows a marked increase in hardness. 

Conclusions 

1. The lattice parameter of alpha iron is increased by the introduction 
in supersaturated solution of nitrogen in amounts ordinarily found in 
weld metal. 


*0 Masing and Dahl; TTisa. Fer. a. d. SiemenB-Konzern. (192.9) 8. 
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2. This nitrogen is not rejected during aging at room temperature, 
though large hardness increases are reported. 

3. There seems to be no additive effect of carbon and nitrogen in 
supersaturated solution. Both X-ray and hardness results seem to 
indicate that the nitrogen is not affected by the presence of carbon. 

4. Koster and Hensel and Larsen show an increase in conductivity on 
aging at room temperature. This fact, combined with the X-ray results, 
likens the Fe-N to the Fe-C system described in section A of this paper. 

5. The age-hardening characteristics are not different in the weld 
metal when quenched from 600° or 650° C. The age-hardening character- 
istics in the base metal are increased considerably by quenching from 
650° C. as compared to 500° C. 

6. The normal cube edge of alpha iron containing loss than the room- 
temperature solubility of nitrogen is slightly enlarged by the fulfilling of 
this solubility as in slowly cooled weld metal. 

7. Dr. Merica’s knot theory seems to explain the age-hardening 
phenomena in this system as it does in some other alloy systems, and 
this despite the fact that the Fe-N alloy shows the conductivity increasing 
during the knot formation, 

8. The characteristic “incubation period” of age-hardening alloys is 
reported in weld metal also. That is, no hardening takes place during the 
first few hours of rest at room temperature. 

General Discussion 

Table 1 contains a summary of previous investigations of age-harden- 
able alloys. It shows that duralumin, during aging at room tempera- 
ture, exhibits decreasing conductivity and no lattice change. It also 
indicates that duralumin, during aging at elevated temperatures, showed 
increasing conductivity and a return of the lattice parameter value to 
that of solvent. The 2.5 per cent Be-Cu alloy showed a decrease in con- 
ductivity while the lattice parameter returned toward that of the solvent. 

According to the “classical” theory, one should have predicted that 
during aging the electrical conductivity should increase and that the 
lattice reading should return toward that of the solvent. If one con- 
siders the conductivity increase and return of the lattice constant toward 
that of the solvent value to be “predicted” behavior, during aging, then 
from the foregoing there are the following combinations : 


Example 

Lattice 

Parameter 

Electrical 

Oottduotivlty 

Duralumin at 150® C 

Prediobod 

Predicted 

Duralumin at room temp 

Not predicted 
Predicted 

Not predicted 
Not predicted 

1 

2.6 per cent Be-Cu alloy afc 200® C 



Predicted = F Not predicted -• N 
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Mathematically, there are four possibilities with respect to lattice 
parameter and electrical conductivity respectively; namely (P — P) as in 
duralumin at 150° C., (N — N) as in duralumin at room temperature, 
(P — N) as in 2.5 per cent Be-Cu alloy at 200° C. and (N — P) which we 
intend to fulfill from the study of the Fe-C and Fe-N systems at room 
temperature. So to complete the picture: 


Example 

Lattice 

Parameter 

Electrical 

Conductivity 

Fe-C at room temp, and Fe-N at room temp 

Not predicted 

Predicted 


This seems to indicate that electrical conductivity changes during 
aging must be a function of at least two factors. Apparently, either may 
predominate. Pictured vectorially, this would be 


/ ^ 

Laffice Scrams Relief of Supersafu ration 

Decreased Conductivity Increased Conduct! vrty 


A summation of these effects gives the resultant that we read. If this is 
true, then theoretically one might obtain the condition where the conduc- 
tivity does not change during the age-hardening due to a balancing of these 
two forces. This is actually obtained momentarily when aging some 
alloys at a temperature where the conductivity decreases, then increases, 
and in increasing passes the zero point, or graphically : 



The fact is also brought out that conductivity may be increased or 
decreased during knot formation as well as during true precipitation. 
Conductivity, therefore, cannot be used in itself as an indicator of knot forma- 
tion or of true precipitation. 
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DISCUSSION 
(F. B. Foley yredding) 

A. Hayes,* Middletown, Ohio. — There is ono very intorosting fact in connection 
with the data in this paper, which is that the carbon stool listed as Hainplo A in Tabh^ 3, 
which contains 0.004 carbon, shows no quench aging, but I uiuk^rstand show 
overstrain aging. 

J. L. Burns. — Dr. Hayes is correct in his assumption that the *‘pure" iron con- 
taining 0.004 per cent carbon shows age-hardening after plastic deformation, although 
it does not show age-hardening after rapid cooling. Since the forrm^r plumonienon 
(age-hardening after plastic deformation) has not been explained to the satisfaction of 
all, it is reasonable to take caution in differentiating the two. 

F. B. Foley, t Philadelphia, Pa. — I wonder if I might ask Mr. Burns whether in 
aging the changes in properties were examined after very short periods of aging, of 
the order of minutes, following the quench? 

J. L. Burns. — The changes in properties were not studied after very short aging 
periods. Presumably Mr. Foley refers to the ^'incubation'' period. In plotting 
"hardness" versus aging time in age-hardening systems there is a period immediately 
after quenching during which no hardening occurs. Consequently, this has boon 
drawn in the systems reported as a horizontal lime (parallel to the time axis). How- 
ever, Dr. Jeffries has made a careful study of this period and cites his own results as 
weU as the results of others, which indicate an actual softening of the material during 
this period. 

Member. — When nitrogen or carbon goes into solution in iron, whore is it situated 
in the lattice itself? Is it interstitial or does it take the place of the iron in the 
annealed condition? 


* Director, Research Laboratories, American Rolling Mill Co. 
t Superintendent of Research, The Midvale Co., Nieetown. 
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J. L. Burns. — The nitrogen atom, like the carbon atom, apparently locates in the 
interstices of the iron space lattice. This assumption is based upon the fact that the 
lattice parameter is increased by their introduction in solid solution. The nitrogen 
atom has a radius of 0.71 Angstrom units and the carbon atom has a radius of 0.77 A. 
Since the iron atom has a radius of approximately 1.24 A., its replacement by a nitro- 
gen atom or a carbon atom would require a decrease in lattice parameter. Therefore, 
the alpha iron-carbon and alpha iron-nitrogen systems must be interstitial 
solid solutions. 

C. S. Barrett,* Pittsburgh, Pa. — I would like to ask the author what precautions 
he took to prevent his X-ray results from being affected by internal stresses. This is 
important because a quenched steel almost always contains internal stresses, and such 
stresses are now known to alter the lattice dimensions as measured by X-rays. It 
is known, furthermore, that the distribution and intensity of quenching stresses are 
functions of carbon content. It seems possible, therefore, that the lattice dimensions 
given here may be altered by the carbon content by virtue of its effect on internal 
stresses rather than by solid solution distortion of the lattice, as Mr. Burns postulates. 

The fact that the diffraction lines are sharp indicates only that there is no great 
inhoinogencity of stress in the samples, for it is the inhomogeneous (microscopic) 
stresses that widen the diffraction lines. If the samples contained stresses distributed 
uniformly over the surface (macroscopic, or homogeneous stresses) as the result of 
quenching from below Ai — Buchholtz and his associates have found large stresses 
produced in this way in stool — the linos would bo shifted rather than widened, and 
measurements of them would not give the true dimensions of the unstressed lattice. 

,T. L, Burns. — Dr. Barrett has raised a very important point in his discussion of 
internal stresses, one that applies to the study of any such system as those reported. 

The alloys considered in this paper cannot be called quenched steels in the 
ordinary sense. The quenching operation was performed while the alloys were in 
the alpha temperature range. Therefore no stresses would be set up such as might be 
incurred by the suppression of an allotropic transformation. The spectrum lines wore 
always clear and sharp, so no microscopic stresses were present. 

The precautions taken against the possible occurrence of internal stresses of a 
macroscopic nature was to use samples that had approximately the same dimensions 
in all directions and that wore very small in volume. 

Such stroHses as those found by Buchholtz and his associates are not duplicated in 
those results. It will be noted that the **pure’' iron did not show any change in 
lattice parameter. The addition of carbon through the range where it is soluble 
steadily increased the lattice parameter until a value of 0.036 per cent C. was reached. 
Increasing carbon above this value, even up to 0.85 per cent caused no further shifting 
of the spectrum lines. It should be noted that Buchholtz and his associates used bars 
and not small samples in their experiments. It is quite reasonable to expect macro- 
scopic stresses from a shape such as they used. Furthermore, the change in lattice 
parameter is always associated with the disappearance of the precipitated phase on 
quenching from the temperature of maximum solubility. In the iron-nitrogen system, 
too, the lattice parameter continued to increase as nitrogen was introduced in solution. 

F. B. Foley, — The forms of curves of precipitation hardness plotted against time 
are typical and depend on temperature. At the optimum temperature for hardening 
by precipitation tho hardness rises rapidly to a maximum and the maximum hardness 
is maintained for long periods of exposure at this temperature. When this optimum 
temperature is exceeded there is a more rapid rise to maximum hardness, but hardness 
then decreases more or less rapidly as the time of holding at temperature is increased. 


* Metals Research Laboratory, Carnegie Institute of Technology. 
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At temperatures lower than the optimum temperature there is a gradual iii(u’(^a.se iu 
hardness which persists for long periods of time, bo that at low enough temperature 
many days are required to attain maximum hardness, if maximum hardiu^ss is at t aiiu'd 
at all. 

A. Saxjveur,* Cambridge, Mass, (written discussion). — Dr. Burns refers i.o the 
theory. Is it not in order to call attention to the purely speculative^ (dianuder 
of that theory? It was conceived to explain the behavior, or rather th(^ misbehavior, 
of commercial duralumin on aging at room temperature. Something had to b(‘ done. 
It is permissible to carry the speculation further and to assume that the formation of 
knots within the solvent metal always 'irrecedes the precipitation of some of t lu' solut<i. 
Admitting the formation of knots at room temperature, it is not readily seen why such 
knots should not be formed at a slightly higher temperature; nanu^ly, at 100° ( Th<i 
fact that water boils at 100° C. while it does not boil at 20° C. sugg(^sts no (‘xplanatiou 
for the formation of knots at the lower temperature otdy. With this in mind, we 
would conclude that during the age-hardening of commercial duralumin at room 
temperature the first step of the phenomenon only takes phn^e— namely, l,h<^ format-ion 
of knots — resulting in increased hardness, decreased electrical conductiv'ity and no 
change of parameter, whereas on aging at higher temperature th(i knot Format ion is so 
quickly followed by precipitation that the former cannot be observed and I !»<> alloy 
increases in hardness and in electrical conductivity while its parameter nd-urns to l-ho 
dimension of the parameter of the solvent. In instances whore an increase* in (U)n- 
ductivity is observed not accompanied by a change in parameter, or vvlien a changci in 
parameter is accompanied by a decrease of conductivity, it might b(^ inferrc'd t hat t he 
precipitation has proceeded sufficiently far to affect one only of t-lu^ two factors. That 
this is speculation pure and simple is not denied. I sliouhl like to offer “knot'' 
hardening as a hotter expression than “intrasolution" hardening to deH(Til)e t.ho 
hardening resulting from the formation of knots as distinguished from th<^ lmrd(*ning 
produced by precipitation, rightly termed “precipitation-hardening." 

J. L. Burns. — Professor Sauveur brings out a very interesting point in his sug- 
gestion that knot formation is really the forerunner of true precipitation in all systcuns. 
In, this he agrees with Professor Norton. It has }) 0 on found to be true with syst-cuns 
where complete studies have been made. 

A careful study over narrow temperature ranges in some systems might h(dp 
considerably in systems that have not been shown to behave in tins manner. How- 
ever, even if this were not found to be true by 8\xch a stxuly, the possibility cH>uld not 
be entirely eliminated. It may be that one process overlaps tlie other to such an 
extent as to make differentiation impossible. 

Professor Sauveur's explanation of the behavior of the conductivity in various 
instances adds still more food for thought. Those suggestions apparently dt^pend 
upon the possibility that the X-ray diffraction apparatus is not sensitive enough to 
record precipitation in the small amounts necessary to bring about the diffc^reticos in 
behavior noted. However, it is certainly no more speculative than the otlu^r explana- 
tions that have been offered. 

J. T. Norton, t Cambridge, Mass, (written discussion). — Dr. Burns has made a 
valuable contribution to the field of age-hardoning, by showing that the low-tempera- 
ture aging of these alloys of iron with carbon and nitrogen is not accompanied by 
precipitation. It is very interesting to find that the behavior of those interstitial 
solid solutions is similar to that of the substitutional type of solutions, of which 
duralumin is an example. 

* Professor of Metallurgy, Harvard University. 

t Associate Professor of Metallurgy, Massachusetts Institute of Technology. 
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The classification of ago-hardening alloys has been made in this paper on the basis 
of two distinct hardening processes, one called ^^precipitation-hardening'' and the 
other “intrasolution" hardening, and it is at least suggested that these two processes 
arc more or less independent. It seems much more likely that both types of hardening 
are inherently present in all ago-hardening alloys of this type (i.e., terminal solid 
solution type), and that the “intrasolution" process always precedes the precipita- 
tion process. 

Very few systems have been studied with sufficient care to show whether or not this 
assumption is generally true, but there is some supporting evidence. In the case of 
duralumin, at intermediate aging temperatures, the hardness curve contains two 
distinct maxima, one occurring before precipitation takes place and the other cor- 
responding to the precipitation. At lower temperatures the second peak never 
appears, and at higher temperatures the second peak spreads out to obscure the first. 
It seoTus clear that both processes are at work at all aging temperatures but that their 
relative influences on the property that we call hardness depend upon the temperature. 

The writer has recently made some observation^ of the iron -rich iron-copper alloys 
that seem to confirm this idea. These alloys age-harden at temperatures above 
300° (h and, in all c.ases, the aging is eventually accompanied by precipitation. The 
hardticss curves, however, roaches a maximum at the point where the precipitation 
begins and the progress of precipitation is accompanied by a softening of the alloys. 
This is interpreted to mean that the “intrasolution" process is the important one in 
these alloys, and that the precipitation takes place either in the form of large crystals 
or crystals that rapidly agglomerate, so that precipitation actually detracts from the 
har<ln(3HS rather tlian adds to it. In other words, the alloys begin to “overage" 
l)efore preeifiitation is complotod or perhaps oven as soon as it begins. 

It would be very instructive if the alloys used by Dr. Burns could bo carefully 
studied at a s<^ries of higher aging temperatures. There is a very real need for more 
ovid(*ne(^ of tills sort on alloys of different types. It requires careful and painstaking 
work b(H',auH(‘. usiuilly the laUie<c changes arc small, but the present paper shows that 
accurate and reproducjiblo measurements arc possible. The author of the paper is 
(piite eornuii in omphasiicirig again the ambiguity of electrical measurements in studies 
of ago-hardening. 

J. L. Buknb. — B oth Professor Norton and Professor Sauveur have suggested that 
knot formation may precede prc(!ipitation in all cases. Dr. Merica has suggested 
this possibility too. The difference in the behavior of the various properties during 
the aging of alloys necessitated a separation of the two processes. However, it was 
not intend(‘.d that the two be taken as independent processes. As a matter of fact, 
the first alloy (duralumin) which showed the difference in behavior of these properties 
and which is one of the baaitj subjects of the paper would preclude such an assumption. 

Professor Norton's statements on the iron-copper system are very interesting, 
especially that concorning the overaging that sets in immediately after the “intra- 
solution" type of hardening- This is another case where differentiating of the two 
processes will explain the changes in physical properties, but we should, as Professor 
Norton clearly indicates, remember that the two may not be truly independent. 



X-ray Study of the Action of Aluminum during Nitride 

Hardening 

By John T. Nobton,* Cambbidob^ Mass. 

(New York Meeting, February, 1934) 

In spite of the very general employment of nitride hardening, there is 
still considerable doubt as to the real nature of the mechanism involved. 
Experience has shown that the addition of small amounts of hardening 
elements to iron or steel results in a wide variety of desirable properties 
in a nitrided case. Perhaps the foremost of these elements is aluminum 
and in this investigation an attempt has been made to study the behavior 
of aluminum during the hardening process. It is believed that the 
establishment of a complete atomic picture of the metal at various stages 
of the process will indicate the relationships between the several kinds of 
atoms and their individual influences on the physical properties in a clear 
and direct fashion. 

A consideration of the problem suggests a surprising similarity 
between the mechanisms of nitride hardening and of age-hardening. 
It is now generally understood that age-hardening may take place by 
one of two distinct processes, the first involving the precipitation of 
a finely dispersed phase and the other being concerned with the modifica- 
tion of an existing phase. Following much the same line of reasoning, 
two theories of nitride hardening have been suggested. The first expla- 
nation, which has been generally discussed, particularly by Fry,^ states 
in brief that the presence of aluminum causes the precipitation of alumi- 
num nitride during nitriding and that this finely dispersed phase is the 
primary cause of hardening. The second explanation, which has 
not been published but which has been freely discussed by those interested 
in the problem, postulates the substitution of aluminum atoms for certain 
of the iron atoms in the several iron-nitrogen phases in the same manner 
that the substitutional iron-aluminum solid solution is formed. The 
marked increase in hardness, as compared with the aluminum-free 
system, is attributed to the severe lattice distortion accompanying 
this replacement. 


Manuscript received at the office of the Institute Dec. 13, 1933. 

* Associate Professor of Metallurgy, Massachusetts Institute of Technology. 
I Fry: Jnl. Iron and Steel Inst. (1932) 126, 191. 
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It should be possible to determine the correct explanation by experi- 
ment, and the most illuminating experiments are probably those that 
yield information about actual lattice changes. For this purpose, X-ray 
diffraction methods have been employed. 

One may predict what lattice changes should be found experimentally 
as a consequence of these two theories. In the case of the aluminum-free 
alloys of iron and nitrogen, the structures have been carefully studied by 



Fig. 1. — HXaa’s iron-nitroghn diagram. (Reproduced from National Metals 

Handbook j 1933.) 

Eisenhut and Kaup^ and by Hiigg^ and their results have been sum- 
marized by the author.”* Because of its agreement with the author^s 
work, Hiigg^s diagram (Fig. 1) has been adopted in the present discussion. 
According to the substitutional theory, these same phases should occur 
in the aluminum-bearing alloys, but their parameters should be enlarged 
by an amount that is proportional to the amount of aluminum present. 
There is no reason to believe that the homogeneous ranges will be materi- 
ally changed, but a definite increase in the broadness of the diffraction 
lines should appear to indicate the increasing lattice distortion. 

If the precipitation theory is correct, one would expect to find a rather 
different picture. The first additions of nitrogen would go toward the 
precipitation of the aluminum as the compound AIN, and only after this 
has been completed and all aluminum removed from solid solution would 
the higher iron-nitrogen phases be formed. Thus the lattice constant 
of the original solid solution should drop sharply to the value for pure 
iron and then the iron-nitrogen phases could be formed entirely inde- 
pendently of the aluminum, so that their lattice parameters would be the 
same as found by previous investigators for nitrided pure iron. These 
phases would be homogeneous at higher total nitrogen contents by an 
amount corresponding to the quantity of nitrogen combined with alumi- 


® Eisenhut and'Kaup: Ztsch,f. Electrochemie (1930) 36, 392. 
8 G. Hagg: Ztsch. f. phy$> Chem. (1930) 8, 456. 

< J. T. Norton:. National Metals Handbook (1933) .345. 
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num. The theory demands that aluminum and the iron form separate 
and independent phases with nitrogen. 

Experimental Results 

The experience of the author and of others has shown that X-ray 
studies of the surface layers of nitrided samples are very unsatisfactory 
because of the broad diffraction lines obtained, due probably to a combina- 
tion of effects. Measurements of the required accuracy are impossible 
from films showing such broad lines and, for this reason, powdered samples 
have been used for the present work. 

Alloys of iron and aluminum were made by melting the desired quanti- 
ties of electrolytic iron and aluminum of high purity in vacuum in a high- 
frequency induction furnace. The analyses of the iron and aluminum 
used are given in Table 1, also the compositions of the alloys as determined 
by analysis. Extraordinary purity is not necessary in an investigation 
of this sort. 

The alloy ingots were reduced, by means of a fine file, to powder that 
would pass a 200-mesh sieve, and were nitrided in the powdered form. 
Experience showed that the structure was completely determined by the 
total nitrogen content if the samples were air-cooled from the nitriding 
temperature, so that the details of nitriding conditions have not been 
included. Each sample consisted of about one gram of powder and 1.ho 
nitrogen content was controlled by the nitriding temperature. The time 
of nitriding at each temperature was determined by experiment as 
sufficient to give as great a nitrogen content as possible. The rate of 
ammonia flow was kept constant by means of a flowmeter. 


Table 1. — Analysis of Metals and Alloys Used 


Electrolytic Iron 

Per Cent 

Aluminum 

Per Cent 

Alloy 

Alloyu 

1 

Weight 
Per Cent 
Al 

Atomic 
l*er Cent 
Al 

c.... 

0.00125 

Si 


. 0.03 

A 

0.00 

0.00 

Si... 

0.002 

Cu..., 


. 0.01 

B 

0.32 

0.66 

S.... 

0.008 

Fe.... 


. 0.06 

C 

2.03 

4.13 

Mn.. 

0.004 




D 

4.70 

9.27 

Al... 

0.004 




E 

10.14 

18.9 

P.... 









The X-ray examination of the powdered samples was carried out in 
the usual way, using focusing cameras of the type described by Wests 
gren,* and the radiation from a chromium target. 


‘ A. Westgren: Trans. A. I. M. E. (1931) 93 , Inst, of Metals Div., 14. 
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Two cameras were employed to cover the desired range of diffraction 
angles. In the case of films with very sharp lines, advantage could be 
taken of the added precision obtained at large diffraction angles. If 
the lines were slightly broadened, however, a high dispersion afforded 
no gain in precision and the intermediate camera had the advantage of 
shorter exposures. Since the precision of- measurement of lattice param- 



Fio. 2 . — Photogbams of allots befokb and after nitriding, showing 

RNLAllGBMENT OF IRON LATTICE DUB TO INCREASING AMOUNTS OF ALUMINUM AND 
BBMOVAL OF THIS ENLARGEMENT AS RESULT OF NITRIDING. 


cters varies considerably in this work, the probable error is given for each 
value. This indicates the reproducibility of several photograms of the 
same sample. 

The first series of experiments was for the purpose of studying the 
precipitation of aluminum nitride. A series of samples of varying 
aluminum content was nitrided at a high temperature (800° C. for 24 hr.), 
because this treatment produces only a very small amount of nitrogen in 
the iron phase. X-ray photograms were taken before and after nitriding 
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and a nitrogen determination was made of each sample. Fig. 2 shows the 
set of photograms obtained, while Table 2 gives the calculated values of 
the lattice constant, together with the original aluminum content and 
the final nitrogen content. In the last column of the table, the nitrogen 
content has been calculated on the basis that all of the aluminum is 
combined with nitrogen and that there is 0.015 per cent of nitrogen, the 
solubility limit at room temperature, in the iron phase. 

The photograms show beyond question that all of the aluminum 
in each case has been precipitated, and the nitrogen 'analyses show that 
it must be in the form of the compound AIN. The slightly higher value of 
the observed nitrogen content is due to the fact that the solubility of the 
iron phase has been slightly exceeded and there is some of the next higher 
phase, Fe^N, present. The very marked increase in the broadness of 
the lines of this photogram, as the amount of aluminum nitride increases, 
is evident. 

The next series of experiments was made in order to show that lattice 
parameters of the various iron-nitrogen phases were independent of the 
aluminum content. For this purpose several series of iron-aluminum 
alloys were nitrided at a series of different temperatures so that a wide 
range of nitrogen contents was obtained. Table 3 gives the latiice con- 


Tabdb 2. — The Alpha Phase 


Alloy 

Weight 
Per Cent 

A1 

Lattice Constants, A . 

Per Cent N 

Before Nitriding 

After Nitriding 

Observed 

Calculated 

A 

1 

0.00 

2.8606 ± 0.0002 

2.8609 ± 0.0002 

0.6 

0.016 

B 

0.32 

2.8613 ± 0.0002 

2.8609 ± 0.0002 

0.7 

0.18 

C 

2.03 

2.8664 ± 0.0002 

2.8604 ± 0.0005 

1.3 I 

l.O 

D 

4.70 

2.8749 ± 0.0002 

2.8609 ± 0.0006 

2.6 

2.4 

E 

10. 1 

2.8911 ± 0.0002 

2.861 ± 0.001 

6.4 

6.0 


stants of the homogeneous gamma prime phase, which has a face-centered 
cubic structure. With the aluminum-bearing alloys, the lattice change 
within the narrow homogeneous range could not be detected because of a 
slight broadening of the lines, so that the figures given are really average 
values for this phase. Since the nitriding conditions could not be con- 
trolled to give exactly the homogeneous phase in each case, the nitrogen 
content was estimated from several films in the vicinity. In column 4 of 
Table 3 are found these estimated values, while column 5 gives the values 
calculated on the basis of 5.9 per cent of nitrogen in the iron phase (Fe^N) 
and enough in the aluminum phase to form AIN with all of the aluminum 
present. The agreement is such that there can be no doubt of the'inde- 
pendent nature of the iron and the aluminum phases. 
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The hexagonal epsilon phase in the alunxinum-free system is homoge- 
neous over a range from 8 up to 10 per cent nitrogen, and the lattice con- 
stants change markedly over this range. At the low nitrogen limit, the 
lattice parameter can be determined from samples lying in the two-phase 
field gamma prime plus epsilon. Table 4 shows that these parameters 
are independent of the aluminum content. 

The upper limit of the epsilon phase in aluminum-free alloys is at 
about 10 per cent of nitrogen. This figure is somewhat lower than the 
11 per cent set by Hagg, but a careful study, using pure iron obtained in 
various ways and with powders of varying size, shows conclusively that 
the limit lies between 9,9 and 10.2 per cent. The limit in aluminum- 


Tarle 3. — The Gamma Prime Phase 


Alloy 

Weight 

Per Cent 

Lattice Constants, A. 

Per Cent N 




Al 


Observed 

Calculated 

A 

0.00 

;(3. 7894 ± 0.0005? 
?3.7913 ± O.OOOSi 

6.9 

5.9 

B 

0.32 

3.789 ±0.005 

6.0 

6.0 

C 

2.03 

3.793 ±0.005 

6.8 

6.7 

D 

4.70 

3.794 ±0.005 

7.4 

7.8 

E 

10.1 

3.791 ±0.005 

9.0 

9.8 


Table 4. — The Low-nitrogen Epsilon Phase 


Alloy 

Weight 

Per Cent 

Al 

Lattice Constants, A. 

a 

c 

A 

0.00 

2.692 ± 0.001 

4.360 ± 0.002 

B 

0.32 

2.70 ± 0.01 

4.35 ±0.01 

C 

2.03 

2.69 ±0.01 

4.36 ±0.01 

D 

4.70 

2.70 ± 0.01 

4.36 ±0,01 

E 

10.1 

2.70 ±0.01 

4.36 ±0.01 


bearing alloys is, of course, higher. In Table 5 are the parameters of a 
series of samples nitrided at a temperature that produces a nitrogen 
content close to this upper limit, together with nitrogen contents actually 
observed and those calculated on the basis of 10 per cent of nitrogen in 
the iron phase. The parameters agree closely but the observed nitrogen 
contents, although of the correct order of magnitude, are somewhat too 
low, particularly at the higher aluminum contents. This is believed to 
be due to a nonhomogeneous nitriding of the individual grains of powder, 
the analysis giving the average of each grain while the diffraction pattern 
comes only from the surface. One would expect this effect to be most 
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pronounced at the low nitriding temperatures necessary to produce the 
high nitrogen contents. It is also in line with observations in practical 
nitriding that have shown the very definite inhibiting action of aluminum 
on the diffusion of nitrogen. It is hoped that experiments with very 
much finer powders will settle this point. 

In the case of the zeta phase, it has not been possible to obtain a high 
enough nitrogen content in samples containing more than one per cent 
of aluminum for this phase to appear. Apparently the presence of 
considerable quantities of aluminum nitride has so impeded the diffusion 
of nitrogen that an insujSicient amount can be introduced at the low 
temperature to form this phase. It seems reasonable to assume that the 
non-appearance of this phase is an indication of the influence of aluminum 
on the diffusion of nitrogen rather than on the stability of the phase. 


Table 5. — The High-^nitrogen Epsilon Phase 


Alloy 

Weight 

Per Cent 

A1 

Lattice Constants, A . 

Per Cent N 

a 

C 

Obnervod 

Calculated 

A 

0.00 

2.754 ± 0.001 

4.401 ± 0.002 


10.0 

B 

0.32 

2.75 ±0.01 

4.39 ±0.01 

9.8 

10.1 

C 

2.03 

2.76 ± 0.01 

4.41 ±0.01 

9.8 

10.7 

D 

4.70 

2.75 + 0.01 

4.40 ±0.01 

10.4 

11.6 

E 

10.1 

2.75 ± 0.01 

4.40 ±0.01 

12.2 

13.3 


Although the aluminum nitride is crystalline and its structure is 
known, no diffraction lines corresponding to this phase appear in any 
of the photograms. It can only be concluded that it is present in such a 
fine state of subdivision that it cannot be detected in this way. The 
indirect evidence of its presence, however, seems conclusive. 

Discussion op Results 

An examination of the experimental results indicates a complete 
confirmation of the theory of precipitation as the principal cause of 
nitride hardening. The definite removal of aluminum from solid solu- 
tion, and the fact that the lattice parameters of the iron-nitrogen phases 
are quite independent of their aluminum contents, are in complete agree- 
ment with the theory. The nitrogen contents of the various phases are 
also in general agreement. The only evidence not in complete agreement 
is the fact that at the higher aluminum contents and the lowest nitriding 
temperatures (about 400° C.) the nitrogen content of the alloys is slightly 
too low. The most logical explanation of this observation is that the 
diffusion of nitrogen, dijBhcult enough at these low temperatures, is made 
more diflS.cult by the presence of considerable aluminum nitride. Con- 
sequently, the nitrogen concentration in the iron phase of the aluminum- 
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bearing grains never reaches the same maximum value as in the 
aluminum-free grains. The distortion of the structure due to the 
presence of AIN, which is suggested by the broad diffraction lines, may 
also be a contributing factor in lowering the amount of nitrogen that the 
lattice is able to retain. 

The precipitation theory, which these experiments seem to prove, 
receives considerable confirmation from practical nitriding experiments. 
Attempts to nitride at high temperatures, in order to obtain high penetra- 
tion, followed by low temperatures to obtain high hardness, have been 
unsuccessful. The explanation of this is readily seen, for the high- 
temperature treatment has precipitated all of the aluminum nitride and 
has agglomerated the fine particles to a size too large to give maximum 
hardness. Further nitriding at a lower temperature only increases the 
nitrogen content of the iron phase, and this has little influence on the 
hardness. Several observers have shown that the maximum hardness of 
the nitrided case occurs in the alpha phase rather than at the outside 
surface where the nitrogen content is the highest. This indicates that 
the iron nitrides themselves are not the cause of hardness, but that the 
alpha phase is the most suitable as a matrix for hardening by the disper- 
sion method. As far as the author is aware, there are no observations in 
the field of practical nitriding of the simple aluminum-bearing steels that 
are in opposition to the precipitation theory. 

In view of the fact that two types of age-hardening are known to 
exist, one might ask whether the other type of nitride hardening should 
be expected under different circumstances. There is some basis for a 
prediction that the other type of hardening should be found under certain 
conditions. In the case of aluminum and magnesium, which form non- 
metallic nitrides, the precipitation-hardening should occur. On the other 
hand, if the hardening element is of the transition type, such as chromium, 
the nitrides are metallic and have the same interstitial structure as do the 
nitrides of iron, so that it is reasonable to suppose that the atoms of 
the hardening element would replace the iron atoms quite freely in the 
nitride phases. This hypothesis, which is, of course, pure speculation, 
could easily be tested and experiments are now under way for this purpose. 

One might also ask why it is not possible to nitride an alloy of copper 
and aluminum and obtain a dispersion-hardening of the type described. 
The answer to this question is again based on the unique properties of the 
transition elements when combined with nitrogen. The ability of iron to 
form interstitial solid phases with nitrogen is the basic reason for the 
penetration of nitrogen and, without this penetration, the precipitation 
reaction cannot take place. Copper does not permit the penetration of 
nitrogen, for a reason which seems to be purely structural, therefore 
the hardness does not increase. By the same reasoning, a chromium- 
aluminum alloy should .harden by precipitation. The ability of the 
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transition elements to form metallic interstitial compounds with nitrogen, 
as contrasted with the nonmetallic nitrides of certain other elements, is of 
fundamental importance to the problem of nitride hardening. 

Conclusions 

From the present experiments, it may be concluded that when ferrous 
alloys containing small amounts of aluminum are nitrided precipitation 
of aluminum in the form of the compound AIN takes place during nitrid- 
ing, and that this phase distributed in a finely divided form throughout 
the iron matrix is the primary cause of hardness. The formation of the 
nitrides of iron is not influenced by the presence of aluminum and, while 
the possibility of their formation is of fundamental importance, their 
actual presence plays only a minor part in the hardening. 
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DISCUSSION 

{Frank N, SpeUcr presiding) 

G. Hagg,* Stockholm, Sweden (written discussion). — ^Tho theory of precipitated 
aluminum nitride being a cause of hardness of nitrided aluminum-bearing steels was 
set forth by H. Hobrock and others, but it seems never to have boon proved experi- 
mentally. Professor Norton’s excellent work on this subject gives the first evidence 
of the existence of aluminum nitride and thereby opens a wide field for now research 
work on the nitriding of steels. 

The fact that no lines of AIN can be detected even after a treatment at very high 
temperatures is somewhat astonishing, as one would expect a rather rapid crystal 
growth of the precipitated nitride at elevated temperatures. A possible cause may 
be that a growth is prevented by the iron matrix in which the small crystals are 
embedded. Anyhow, Professor Norton’s determinations on the lattice dimensions 
seems to give sufficient evidence of the formation of an aluminum nitride. 

Recent work on the Fe-Cr-N system carried out in this Institute by 8. Eriksson 
indicates conditions analogous to the ones found by Professor Norton in the Fe-Al-N 
system. The chromium tends to take up as much nitrogen as possible under the 
formation of CrN, although the fact that chromium has less affinity to nitrogen than 
has aluminum makes the effect of chromium less pronounced than that of aluminum. 
In this case the formation of CrN can be shown directly in tho photograms but the 
study of the phenomena is made more difficult by the existence of the hexagonal 
chromium nitride with approximate composition Cr 2 N. 

It therefore seems as if also transition elements could behave more or less in the 
same way as aluminum if their nitrogen affinity is high enough. In such cases, how- 


' * Metallografiska Institutet. 
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ever, the tendon cy of the transition elements to dissolve into the iron nitride phases 
might cause complications, as the nitrides of the alloying element might partly 
precipitate and partly form solid solutions with the iron nitride phases. In any case 
it seems unwise to say that transition elements cannot give rise to a hardening effect 
through nitride precipitation, although this effect may be expected to vary owing to 
the physical properties of the precipitated nitride. 

Concerning the iron nitrides, Professor Norton says in his conclusions that “while 
the possibility of their formation is of fundamental importance, their actual presence 
plays only a minor part in the hardening.” The relative sensitivity of the surface 
hardness of a nitrided steel to elevated temperatures seems however to be greater 
than could be expected if the hardness was due to AIN alone. The surface hardness 
of a nitrided steel drops rapidly when the temperatures (about 600® C.) are reached, 
where the decomposition velocity of the iron nitrides begins to obtain high values. 
On the other hand, it is not probable that the crystal growth of AIN has begun to 
any considerable degree of these temperatures. According to Professor Norton’s 
experiments in Stockholm, the crystal growth of AIN is so slow — even at about 1100® 
C. — ^that no X-ray lines could be detected in preparations of nitrided aluminum steels 
heated for a week at this temperature. Further, it is a well-known fact that the 
mechanical properties of the nitrided surface are closely connected with its micro- 
structures, which is to a great extent due to the iron nitride phases. 

V. O. Hombrbero,* Cambridge, Mass, (written discussion). — The author has 
rendered a valuable contribution to the subject of nitrogen hardening. In practical 
nitriding the maximum hardness is obtained after exposing the aluminum-bearing 
steel to ammonia gas at a temperature of about 500° C. A gradual decrease in the 
hardness is observed on nitriding at higher temperatures. Since Dr. Norton has 
shown that the hardness is produced as the result of the precipitation of the AIN 
particles, they must be of critical size at 500° C. His explanation for the lack of 
success in attempting to obtain maximum hardness together with increased depth 
by nitriding first at a high temperature (625° C-) followed by nitriding at a low 
temperature (526° C.) is entirely logical. 

In determining the depth-hardness curves for nitrided steels, it is generally found 
that tlui maxinnim hardness occurs at a short distance below the surface, generally 
0.001 to 0.002 in, J. W. Miller^' has shown that the nitrogen content drops very 
abruptly from the surface to this depth. In the case of the aluminum-chromium- 
molybdenum steel after nitriding at 625° C. for 48 hr., the nitrogen content dropped 
from about 10 per cent at the surface to 2 per cent at a depth of 0.002 in. The maxi- 
mum hardness also occurred at this point where the lattice structure was found to be 
mainly body-centered. 

The surface layer of the nitride case is generally brittle and is of the hexagonal 
close-packed type. Since it does not possess the maximum hardness, it is desirable 
to remove it by grinding to a depth of 0.001 to 0.002 in., thereby exposing a harder 
surface possessing loss brittleness. Harder’^ and Todd also found that the nitrided 
cases showing only the alpha iron lattice possess full hardness without objectionable 
brittleness. Obviously, it would be of great importance to the users of nitriding 
steels to bo able to control the process so that only this phase would be produced. 
A change in stool composition might accomplish this goaL 

* Associate Professor of Physical Metallurgy, Massachusetts Institute of 
Technology. 

« J. W. Miller: A Study of the Nitride Case in a Special Nitriding Steel. Master s 
Thesis, Massachusetts Institute of Technology, 1931. 

7 0.,E. Harder and G. B. Todd: Correlation of the Crystal Structures and Hard- 
ness of Nitrided Cases. Trans. Amer. Soc. Steel Treat. (1931) 19. 
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The author mentions aluminum and magnesium as two (iloments that, form lunt- 
mctallic nitrides and, for this reason, precipitation-hardening is t,o he expend, ed. 
Undoubtedly boron and possibly titanium will behave in the sanies nuunun*. 

Since other elements, such as chromium, vanadium and molybdenum, a,r(‘ impor- 
tant for nitriding and, since they form metallic nitrides, it is IioikmI t.hat th(‘ aut-hor 
will extend his research into a study of the mechanism of hanhming wlnm oiu' or 
more of them are present. 

After he has completed such an investigation, he will be abl(^ undoubt, (‘dly t,o 
explain the mechanism of nitrogen hardening of complex stec'ls containing aluminum, 
together with elements such as chromium and molybdcauim. 

J. T. Noeton (written discussion). — It is very gratifying t,o find t,hat, t,hos(^ who 
have discussed this paper arc in general agreement with tlu^ eontdusion t hat- there is 
a precipitation of aluminum nitride which acconipani(\s tin? hanhu'HS incnvisc^ during 
nitriding. The present experimental work has not given nnich <lir(*c.t, as 

to the actual mechanism of hardening in this case ])ut has shown dcTinitcdy that, tlub 
precipitation must play a prominent role in any adecpiat-c^ pietun^ of tlu^ pro<‘('ss. Tlie 
work also suggests a broad hold of investigation of similar alloys and it is hopc'd t,hat 
the collection of a considerable amount of data along thes(i lines will be of assistancci 
in the solution of the general problem. 



Relation between Plastic Deformation in Deep Drawing and 
Tensile Properties of Various Metals 

By M. H. Sommer,* New Yor,k, N. Y. 

(Detroit Meeting* October* 1933) 

Many attempts have been made to develop a relation between 
the tensile properties and the deep-stamping qualities of metals com- 
monly used in deep drawing. These operations are generally performed 
cold and the metal is always stressed beyond the elastic limit. However, 
the problem cannot be readily solved without a proper investigation of: 
(1) the relation between actual stress and actual strain in the plastic 
range and (2) the streg^es that are set up in the metal during the process 
of deiep stie^pm^ 

Much work has been done in recent years to add to our knowledge 
on plastic deformation of metals and the shortcomings of the ordinary 
tensile test, particularly in the plastic range, have been sufficiently 
recognized. It has been widely acknowledged that the local contraction, 
which appears in a tensile test after the maximum load is reached, is 
not a general characteristic of the material but is peculiar to this form 
of testing. The plastic deformation of materials is explained by the 
slip of their crystals along certain planes and this rearrangement should 
be similar whether observed in a tensile, compression or torsion test, 
and if the resTilts of any of these forms of testing show deviations, it 
must be due to other influences, as for example the local contraction in 
a tepBile-test curve as obtained from 

tte measurement^ machine or registered by an 

atitographic device has been supplemented by the so-called ‘'actual 
sttess-etrain curve,” which is constructed from the observed tensile-test 
data by eliminating the effect of local contraction and is in complete 
alignment with the stress-strain values obtained in a compresison or 
torsion test. The actual stress-strain curve shows the increase of actual 
unit stress in relation to unit elongation beyond the yield point and 
beyond the point of maximum load and indicates clearly the extent of 
strain-hardening which the ordinary tensile-test curve does not reveal. 

The following metals have been investigated in this paper and their 
aetual stress-strain curves and, further, their deep-stamping char- 


/ M received at the office of the Institute Aug. 9, 1933. 
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acteristics have been developed as shown in Table 1. The selection of 
these metals has been made with a view to comparing metals of well- 
known drawing properties with the stainless alloys for which sufficient 
information has not been collected as yet, so that a definite position 
among the other metals with regard to their deep-stamping qualities 
may be assigned to them. If their real drawing properties are once 


Table 1. — Data on Materials Investigated 


Material 

Analysis 

Ultimate 
Tensile 
Strength, 
Lb. per 
Sq. In. 

Reduc- 
tion of 
Area, 
Per 
Cent 

Test Specimen 

Length, 

In. 

Diam- 

eter, 

In. 

Armoo ingot iron. 

i 

Regular 

41,000 

75 

2 

0.606 

Copper 

Pure 

32,700 

48 

2 

0.606 

Brass 

72.3 per cent Cu 

39,800 

30 

2 

0.606 

Aluminum 

98.6 per cent pure 

14.200 

30 

2 

0.605 

Chrome steel A . . 

16 per cent Cr, 0.6 per cent Ni, 0.12 per cent C 

79,800 

66 

3.2 

0.800 

Chrome steel B . . 

18 per cent Cr, 8.6 per cent Ni, 0.06 per cent C 

106,700 

73 

2 

0.606 

Chrome steel C . . 

15.7 per cent Cr, 2.3 per cent Ni, 0.17 per cent C 

128,600 

67 

3.2 

0.800 


established, the proper methods will be found in practice to process 
these alloys to the full extent of their possibilities. It must be stated 
here, with reference to the data on composition and mechanical prop- 
erties in Table 1, that the selected materials have not been specially 
prepared to give the best deep-drawing characteristics that might be 
obtainable for any of these metals, but the vital factors for the deep- 
drawing qualities will be apparent from this investigation. If the 
mechanical properties are improved, the drawing qualities will be cor- 
respondingly enhanced; i. e., if the nominal ultimate strength can be 
raised without impairing the other properties the drawability will 
be increased. 


Actual Stress-strain Curves 

It is obvious that except for the reduction of area the usual tensile- 
test data do not represent the actual mechanical properties of the mate- 
rial, as the area of the cross-section of the test specimen decreases from 
the beginning of the test and the actual unit stress consequently is greater 
and steadily increasing as the test proceeds. This difference is small 
within the elastic range where the reduction of area is of limited pro- 
portions.. In the plastic range the section area decreases rapidly, how- 
ever, and the actual unit stress is increased accordingly. As soon as the 
contraction begins to be localized dver a very small part of the test piece, 
the actual unit stress mounts rapidly to its greatest value at. fracture. 
It must be observed here that such data on tensile tests can be used only 
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for the computation of the actual unit stress close to and at the breaking 
point, where the area of fracture has a geometrically perfect shape and 
the shearing of the ends is complete. 

It has become customary to define the actual stress-ptrain curve as 
actual unit stress plotted against percentage reduction of area. In this 
form the curve represents the behavior correctly in the plastic range and 
many investigators have gone so far as to attach some definite importance 
to the intersection of this curve with the ordinate for the imaginary 
reduction of area of 100 per cent. However, such theoretical speculation 
has not yielded any useful information. 

It seems more important for an analysis of various other forms of 
plastic deformation, as for example deep stamping, to base the actual 
stress-strain curve on the actual elongation. Up to the point of maxi- 
mum load the elongation can be taken directly from the test measure- 
ments (known as uniform elongation). Beyond this point the elongation 
in a tensile test is localized at the point of local contraction and cannot 
be measured but may be computed from the measured reduction of area. 
The relation between reduction of area q and elongation 5) is expressed 
by the equation 



which has been developed under the assumption that the specific density 
of the material remains constant and the shape of the specimen keeps 
its cylindrical form. 

The actual stress-strain diagrams in this paper (plotted on Fig. 4) 
were developed from figures averaged from several tensile tests of the 
material in a hydraulic tensile test machine. The tests were all taken 
on soft annealed hot-rolled bar specimens, the results on specimens cut 
length^e and across the grain were averaged and the ratio of gage 
length to test-bar diameter was kept constant in conformity with Barba's 
law of proportionality. The speeds of application of load were all within 
one and six minutes for the entire test and as the result is not appreciably 
affected within this speed limit no correction has been made for it. In 
general, every precaution was taken to arrive at values that represent 
the behavior of the material in the plastic range as truly as possible in 
the light of present-day knowledge. It is of no vital importance for this 
investigation, which only attempts to give the deep-stamping character- 
istics of a metal relative to other metals, whether these curves represent 
the ^^true" relation between stress and strain or not. No such claim 
could be made, and the curves, therefore, have been called ‘‘actual 
stress-strain curves" to avoid any misinterpretation. 

These relations between the actual unit stress and the actual elonga- 
tion form the base of this investigation and serve to find the stress that 
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must be applied to effect a certain plastic deformation of the material 
in deep drawing. 

It is obvious that the physical properties of the material, such as 
homogeneity and structural characteristics, in the test piece should bo 
as nearly alike as possible to the physical properties of the material in 
the form of sheets or strips in which it is subjected to the drawing opera- 
tion. There will be some structural difference between the hot-rolled 
material and the hot or cold-rolled deep-drawing sheet in all materials, 
especially in the stainless alloys, and the actual conditions would be 
better represented by obtaining an actual stress-strain curve from a 
specimen of the sheet. The data of tensile tests on sheet specimens as 
they are taken today are not very suitable for the construction of the 
actual stress-strain curve because the results are in general too erratic, 
chiefly because the shape and the thinness of the test piece do not permit 
proper measurements of the reduction of area. These deficiencies could 
be overcome by a device designed to make simultaneous measurements 
of the change in width and thickness to obtain the instantaneous section 
area for instantaneous loads. The author suggests that some electrically 
controlled optical arrangement might be developed for this purpose. 
Actual stress-strain curves recently constructed from tensile tests on 
sheet specimens under the assumption that the ratio of width to thickness 
in the decrease of section area is maintained have shown a close con- 
formity to such curves developed from tensile tests on hot-rolled bar 
specimens from the same material, and these results indicate that the 
deviations to be expected are actually not very great. 

It should be remembered, however, in judging the final deep-stamping 
characteristics, that the refinement of the grain and other changes 
through subsequent work and heat treatment of the hot-rolled material 
will have a tendency to better the deep-stamping values that are based 
on the hot-rolled bar test. 

Action and Reaction in Deep Drawing 

Elsewhere* the author has analyzed the action and reaction in a 
deep-drawing operation in great detail. The plastic deformation that 
occurs when a flat disk is drawn into a shell by action of a punch is 
brought about by a number of composite stresses set up in different planes 
and different directions. These stresses are partly evolved by the 
forced rearrangement of the material and partly caused by the peculiar 
set-up which is required to accomplish this rearrangement. Conse- 
quently a study of the geometric relations between disk and shell and 
of the kinematic conditions of the operation must lead to a definition 
of these stresses. 


*Versuolieueber das Ziehen von Hohlkoerpem. V. D. I. Veriag. Bedin, 1926. 



M. H. SOMMBK 


277 


'^Phoro arc lihree distinct, forces which act upon the V)lank to deform 
it into the shape of th(‘, sludl. By far the sreatosl. of (.hose is the composite 
s(.ress, wliich compresses l.iie portion of the flange t,hat. must, bo dislodged 
when the diameter of the blank is reduced to the diameter of the shell. 
This stress is set up around the cn1,iro flange in tangential planes. The 
resultant of all these tangential unit slTessea may be called S. 

The second of the three forces is the resistance caused by friction on 
both sides of the blank. The material being hold tightly between two 
surfaces under a certain pressure, friction is created acting in a radially 
outward direction. This force measures a certain percentage of the 
normal blankholder pressure, its size being expressed by the product 
of normal pressure and the coefficient of friction. Assuming that the 
normal pressure does not change during the draw, as is the case in most 
double-action drawing presses, and that the lubrication is such that 
the coefficient of friction is also constant, the resulting friction does not 
change during the drawing ojieration. Naming the normal force or 
blanl^older pressure H and the coefficient of friction g, the resultant 
force is 2^17. 

The third and last of the three forces is evoked by the bending of the 
material around the drawing edge of the drawing die, a composite stress, 
which 60 far has steadfastly resisted all attempts to exact computation. 
The bending actually takes place in two pianos because the material 
must bo bent over the drawing edge, which in itself follows the curvature 
of the drawing die, in the case of a round shell a circle. All efforts to 
find a mathematical expression for bending materials beyond the elastic 
limit {Ludmk) have led to very complicated formulas, which furthermore 
apply to bending in one plane only. The experiments of the author have 
shown, however, that under conditions as they exist in deep stamping 
the bending of the material around the drawing edge sots up only a 
negligible stress in addition to the other stresses already acting upon the 
material. The experiments have been very conclusive on this point 
and the explanation for this result is quite simple and allows estimation 
of the error that will be made if the bending stresses are disregarded. 

In bending material of a given thickness stresses are evoked over the 
entire oross-seotion, starting from the neutral axis (usually the center) 
towards the outer fibers in direct proportion to their distance from the 
neutral axis. The latter is not stressed at all provided that no other 
forces act upon the material, the extreme fibers on both sides showing 
the greatest stress, tension on the outside and compression on the inside. 
In deep drawing there is a large stress already set up, especially at the 
moment when the drawing power reaches its maximum. If now a bend- 
ing stress is superimposed the additional lengthening of the extreme fiber 
on. one and tlm corresponding compression of the extreme fiber on the 
other side requires only a very small increase in unit stress, as can bo 
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observed from any actual stress-strain diagram. Most of the stress- 
strain curves flatten out in the upper regions and very little increase in 
unit stress will produce a wide change in elongation and compression. 
The stress-strain curves of some materials do not flatten out appreciably 
(brass, chrome steel B) and this fact should be considered in using the 
equations presented here, in which the bending stresses have not been 
taken into consideration. 

There remains, therefore, the resultant compressive unit stress /S 
and the friction 2ij,H which equate the drawing power P, the resultant 
of the tensile stresses set up in the wall of the shell by the punch of the 
press, leading to the fundamental equation for the deep stamping of a 
round shell (Fig. 1). 


P = C"‘‘“(2Mff -t- 2rS) [1] 

C being the natmral logarithm, a the angle of bending around the drawing 
edge (close to 90®) and the mean coefficient of friction around the draw- 
ing edge. 

The deep stamping of a round shell has been selected because it repre- 
sents the most customary and simplest form of deep drawing, whereby 

the stresses are symmetrically 
arranged around the circumfer- 
ence of the flange. In Fig. 1 a 
partially drawn shell is shown in 
such a way that the operation can 
be easily understood, a indicates 
part of the drawing die; b the 
blankholder, which rests on top of 
the blank under pressure to pre- 
vent wrinkling or buckling; c the 
drawing punch, which on its 
downward move draws the mate- 
rial into the die, and d the partly 
drawn shell. It is obvious that 
faulty construction of the drawing 
die, uneven, insufficient or exces- 
sive blankholder pressure, incor- 
rect relation of the air space between punch and die to the thickness of 
the material and other details of design will cause additional stresses in 
the material, which must be avoided if full advantage is to be taken of 
the deep-stamping qualities of the metal. 

The left side of equation 1 represents the external action brought by 
the punch and the right side the internal reaction set up in the matwjial. 
The drawing power P is limited in its size by the nominal ultimate tensile 



Fig. 1. — Diaobam or dbep stamping or 

BOUND SHBIiL. 
a. Part of drawing die. 
h. Blankholder. 

c. Drawing punch. 

d. Partly otawn shell. 
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strength of the material; theoretically it can bo C(iual but must in practice 
always be smaller than the ultimate tensile strength, allowing for a 
margin of safety for structural differences of the material, variations in 
thickness of the blanks, etc. If .s ropreseuts the thickness of the material, 
vds the cross-section of the shell wall and (»•„,„ the nominal ultiinate tensile 
strength, equation 1 takes the following form : 

-h [2] 



This formula permits calculation of the first draw for any material, if 
its actual stress-strain curve, the blankholdcr pressure and the coeffi- 
cients of friction are known. It 
is then necessary to add to the 
left side of equation 2 a safety 
factor, say 0.8 to 0.85, or when 
the material is very homogeneous, 

0.9. The results will be fairly 
accurate if due consideration is 
given to the remarks that have 
been made about the bending 
stresses. To illustrate the satis- 
factory agreement of such a 

calculation with actual conditions. Depth »f[)r«w- 

especially at the point where the iho. 2. Dhawino i>owbu ah fukction of 

drawing power reaches its maxi- ^ho Bolid Z^Bhow” a^'wirvo calculated 
mum, two curves have boon from equation 2, the dotted lino a curve 
i-,. in;™ o obtained from an experiment on a tost 

plotted in Fig. 2 showing the niacluno by an autographic device. 

drawing power as function of the 

depth of the draw, one curve calculated from equation 2 and the 
other obtained from a drawing experiment on a test machine by an 
autographic device. 

Xilquation 2 is given hero solely as a fundamental formula for a compar- 
ison of the deep-stamping properties of various materials expressed in deep- 
stamping characteristics to be presently developed. This equation 
also forms the base for the considerations that finally led to the construc- 
tion of the modified stress-strain curves that give a simple method of 
judging the deep-stamping qualities of any material by a transformation 
of its actual stress-strain diagram. 

To develop comparative deep-stamping characteristics, equation 2 
may be simplified by omitting the first term (C'‘‘“2 a‘H), representing the 
ideal drawing process with the coefficient of friction zero; that is, without 
any friction at all. Such a state could be actually approached if the 
sliffing friction under the blankholder could be replaced by rolling friction, 
as.it appears for example in cold rolling. This omission of is 
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justified here for two reasons. The error in fact does not exceed 10 per 
cent, which is the maximum value the friction will reach provided the 
material is properly lubricated to attain aii appropriate coefficient of 
friction. For the object of comparing one material with another the 
error is much less, as the friction appears in both cases and its magnitude 
does not vary greatly for different materials as long as the nominal 
ultimate tensile strength of the materials compared does not show too 
great a difference. Equation 2 in this modified form reads then: 

[3] 

The coefficient of friction iii around the drawing edge is also nearly alike 
for well lubricated surfaces of different materials and other conditions, 
as, material thickness and shell diameter being the same for two 
materials A and it follows: 

-4 .-B gA .gB 

^ max*'^ max ixuut 

This proportion means that two different materials will show the same 
deep-stamping qualities if their ratio of resultant compressive stresses 
to ultimate tensile strength is the same, and that these qualities of one 
material relative to another will be worse or better if its ratio is greater 
or less respectively, or: all other factors being equal, the deep-stamping 
qualities of any material are in inverse proportion to the resultant com- 
pressive stresses divided by the nominal ultimate strength. 

Debp-stampinq Chabactbristics 

To develop the deep-stamping characteristics it remains to show the 
relation of the resultant /S to the actual stress-strain curve and to com- 
pute S for various reductions in deep stamping independent of any 
specific blank or shell diameters. 

)S is the resultant of all the unit stresses acting in tangential planes which 
in turn are created by the amount of compression of every fiber in the 
flange. The extent of compression of every fiber S is determined by 
geometric principles and can be expressed for any radius x through the 
following equation for a round shell: 

^ 1 Va:“ - 2riai + ar‘ 

S = 1 [4] 

ri being the original radius of the blank and Oi the distance the blank has 
moved towards the drawing edge. 

Under the assumption that the stresses acting upon every unit in 
other planes and directions are relatively small and of little infiuehce 
upon this deformation, the compression can be considered as created 
solely by the stresses acting in tangential planes, and the necessary unit 
stress to produce this deformation can be taken from the aotujd str^s- 
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strain curve of the material. The BUtn of all thoBc unit BtreSvSCB a over 
the entire area will then be the resultant ^ 

.S' = Jarf/ 

or under consideration of tlie geometrical relations for the drawing of a 
round shell: 


a 



X 

2riai +■ Ui 


.dx 

2 


[5] 


For every position of the flange during the drawing operation the com- 
pression of every fiber X can bo computed according to equation 4 and 
the unit stresses <r for this compression as represent, od by the actual 
stress-strain curve integrated over the entire area (equation 5) give the 
resultant 8. It is obvious that the instantaneous values of 8 will bo 
governed by the ratio of st/ress to strain expressed in the actual stress- 
strain curve and that the resultant 8, therefore, is largely influenced by 
the shape of the actual stress-strain curve. 

liquations 4 and 5 contain ri, in several terms representing a specific 
blank diamotor. For this investigation this dimension shotild bo elim- 
inated and a value substituted for 8 which has the same dimensions 
as the ultimate tensile strength, i. e., pounds per square inch, and is 
based on the reduction from blank to shell diameter in general rather 
than on specific blank diameters. This reduction may bo designated w 
and using the following symbols that entered into equations 4 and 5 
gives these formulas another form without changing their validity: 


w 




8 


^2 

n 


V 


(jj 

ri 


u 


X 

r\ 


1 ^ ^ 
it 




-2v + v<‘ 


[4a] 

[S®] 


If the integral is designated I, its value will bo proportional to 8 by the 
factor STi. It is 


t>< 


-f 2v — ipi 


U 


y/ M* — 2i, + v®' 


du 


The statements that have boon made before with regard to 8 aro, of 
oourse, applicable to 1 and the relative values of the deepnatamping 
qualities of any two materials can be measured by the ratio of the 
integral J to the nominal ultimate strength. 

'The interal Z changes from zero (at the beginning of the draw) to a 
maximum and goes back to zero again (at the end of the draw). The 
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general type of the curves representing I (which is also the general type 
of the S curves) for various reductions w as function of the different 



Movement of Blank— 

Fig. 3. — General form of I curves for various reductions W . 


positions of the outer edge of the flange during the draw is shown in 
Fig. 3. The maximum values of I are of sole interest for the determina- 



tion of the deep-stamping qualities and can be easily interpolated from 
the curves in Fig. 3. -(An integration and mathematical determination 
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of the mdximuni for / in too difficult, as the act.ual stress-strain curve 
cannot bo expressed in a simple equation). 

If the deep-stamping cpiality may be designated as D then it is 




tL 


(see page 280) [6] 


The deep-stamping characteristics shall now be defined as the inaxirnuin 
reciprocal values of D plotted as function of variotis reductions w. The 
reciprocal values of D that represent the resistance to plastic deformation 
in deep stamping have been selected as indicators for the explicit reason 
of greater clearness in reproduction, which will also be apparent later on 
when the modified stress-strain curvCvS are developed. The indicator 
for the deep stamping characteristics is then 


1 

1 ) 



17J 


which shows the deep-stamping properties of the various nmtals suffi- 
ciently accurately for comparative purposes. 

On Fig. 4 the actual stress-strain curves (stresses as function of unit 
elongation) of the materials investigated are shown and from these curves 
the integral I has been computed,* its maximum value for various rcduc- 


* The method for the graphical solution of the integral 1 has been fully set forth in 
the author^s book on this subject (sec footnote 1), whore an example has been given 
for the computation of H from which the equation for I is derived. I'o find the 
maxima of the integral I as function of the reduction it sufiices to select a few 
vahios of Wf for example as shown on Fig. 3 (ta 0.9, 0.8, 0.7, 0.6, 0.6, 0.4) and to 
compute and plot the values for J for each reduction w. For each such reduction 
various positions of the blank as designated by the movement of the outer edge of the 
blank are selected and the function under the integral is plotted for each position. 
For example, for a movement ai »■ 0.2 of the outer edge of the blank, each fiber will 
have moved a certain distance toward the center, and its deformation— within the 
limits of the integral and under consideration of the reservations made on page 280, 
last paragraph — may be found from equation 4a. The acttial stress-strain oiirvcs 
then furnish the stress in each fiber corresponding to the deformation found. To plot 
the curve representing the function under the integral I a sufTicient number of fibers 
are selected, their strain computed, their stress taken from the actual stress-strain 
diagram and the resulting values plotted on cross-scction paper. 'I'hc c\irve drawn 
through the points plotted represents the function under the integral for the position 
of the blank at ai »» 0.2, and the area between the abscissa and the curve within the 
limits of the integral (see oqxiation 6a) gives the value of the integral for this position 
of the blank. The integrals for other positions ox of the blank are similarly found and 
show if plotted as function of at the form as roprodimed on Fig. 3. As can be seen 
from the character of these I curves on Fig. 3, there is one position at of the blank for 
every reduction where the integral J reaches a maximum ; i. e., the material is under its 
greatest stress. If the material stands this maximum stress it will satisfactorily pass 
through the reduction, which means that only the maxima of / are of interest and 
these values can be easily interpolated (see Fig. 3). 
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tions interpolated and plotted as function of these reductions. In divid- 
ing the ordinates by the nominal ultimate strength according to equation 7 
the deep-stamping characteristics were found and reproduced in Fig. 5. 
The lowest values on Fig. 5 represent the best drawing qualities for 
each reduction as the reciprocal values of the deep-stamping quality 
have been plotted. 

The curves refer only to fully annealed material which has not been 
subjected to any stress previous to the drawing operation. 

Fig. 5 shows that the deep-stamping properties are best for brass 
(72.3 Cu) up to a reduction of 0.675. Next follows the 18 per cent Cr, 



Reduction , t » — 

Fig. 6. — Dbbp-stamping charactbbibtios. 

8 per cent Ni stainless alloy, which gains this position by its extraordinarily 
high tensile strength (105,700 lb. per sq. in., a figure that represents the 
latest accomplishment in raising the tensile strength of this composition 
through alloying additions without losing ductility). Then comes 
copper and aluminum, followed by Armco ingot iron, and finally 
the two other stainless alloys, the 18 per cent Cr, and the 18 per cent 
Cr, 2 per cent Ni composition. To ascertain the best drawing composition 
of any aUoy it is an easy matter to plot, for example, different kinds of 
brasses and find the best drawing composition or check any other con- 
stituents of metals and their heat treatments. These deep-stamping 
characteristics give information on the deep-stamping qualities of metals 
in the same way that the tensile test curves furnish data on the m^hanical 
properties of materials. 
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Many concluHions niighl, be drawn from tlKJse curves lhati inighi 
prove lu',li)ful in many dirociions. To mention only one observation, 
it appears that any variation in nominal ultimate strength that might 
bo acct)mplisheil (hrough the ad- 
dition of alloying elements with- 
out grea<.ly changing the general 
character of the actual stress- 
strain curve will produce a wide 
change in the relal.ive position of 
the d(^ep-stamping characteristic 
of l.hc basic material. In this 
connection the 18-8 chrome-nickel 
steel and aluminum niight be 
mcntion(id. 

The formula from which the 
deep-stamping characteristics 
wore deduced have been confirmed 
by empirical tests and there scotn 
to bo no of. her da(.a in l.hc lil,era- 
ture by which the accuracy of 
those curves could bo checked. 

The deep-drawing properties as 
measured by the Krichson cup 
tost arc reproduced for various 
materials in Fig. 6. The drawing 
(lualities of the different metals shown have the same relative position 
to each other as the curves in Fig. 5, the latter inversely, of course. 
Besides, the Krichsen values are apparently given for the best deep- 
drawing qualities available of each metal. 

Modipibo Stkess-steain Curves 

ft appeared to the author during this work of computing the deep- 
stamping characteristics, which, in spite of all the simplifying assumptions 
made is still quite complicated, that a much simpler and quicker deter- 
mination of the deop-stamping qualities of metals might be possible by 
substituting for the integral I the ordinates of the -actual stress-strain 
curve themselves and to find an indicator for the deep-stamping char- 
acteristics in dividing the ordinates of the actual stress-strain curve by 
the nominal ultimate tensile strength. 

This would, indeed, be a surprisingly simple way to obtain information 
on the drawing qualities of materials. The author has considered the 
possibility of such a substitution from all angles and has finally come to 
the conclusion that the ratio of unit stress to ultimate tensile strength 
can actually be accepted, with certain reservations and if interpreted 



Kr<). 0. Kbkjiibhn vAi.trBM. 
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with proper precaution, as an indication of the relative position of metals 
with respect to their drawing qualities. This transformation of the 
actual stress-strain diagram and its significance can be worded as follows: 

All other factors being equal, the deep-stamping qualities of any 
material are in inverse proportion to the position of its modified stress- 
strain curve found in dividing the ordinates of its actual stress-strain 
curve by the nominal ultimate tensile strength. 



Elongation, per cent; — 

Fig. 7, — Modified strbbs-strain curves. 

In compliance with this statement, the actual stress-strain curves of 
Fig. 4 have been so transformed and the resulting values have been 
plotted in Fig. 7. 'The author has called these curves “modified stress- 
strain curves,” because they represent the conditions of actual stress 
and strain obtained from a tensile test so modified that they indicate 
the drawing qualities of the material over the entire range of plas- 
tic deformation. 

It must be understood that the modified stress-strain curves do not 
furnish any absolute values of the extent of plastic deformation in deep 
drawing. Like the deep-stamping characteristics, they only show 
whether a certain material will draw or should draw better or not as 
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well iiK Koiue <)l,h<‘,r nuitcriul. If the drawing (jualitics of one material 
arc well known an indication of the deep-stamping possibilities of some 
other material might bo found in the relative position of its modified 
strcss-stiain curve. Such a qxxick determination should be of consider- 
able assistance in developing new deep-drawing compositions and in 
checking Lhe actual performance in deep stamping with the possibilities 
indicated by this curve. If is a well-known fact that the excellent 
drawing qualities (for the annealed material) of the 18 per cent Cr, 
8 per cent Ni stainless alloy have not been recognized in practice for 
some tiino because of radical changes that were necessary in the design 
of drawins die and press. As long as the proper practice had not been 
developed, failures were charged to the low drawabili(.y of the alloy. 
Warning must bo given of the possible danger in accepting the modified 
stress-strain curves in lieu of the doop-staraping characteristics. All 
the assiiiiQptions that have been made for the development of the latter 
have boon tested by experiments and have been found to be permissible, 
while the substitution of the actual unit stress for the integral I (or in a 
wider sense for the resultant 8 of all the compressive stresses) is a simpli- 
fication that is open to much criticism, in spite of the fact that it suggests 
itself so readily and that it gives apparently satisfactory results. 

It must be remembered, in judging the deep-stamping quality from 
modified stress-strain curves, that two important assumptions have 
been made, for which proper allowance should bo given where necessary. 
The bonding stresses have been disregarded as negligible, but they will 
influonco the final results if the actual stress-strain curve of the material 
does not flatten out perceptibly in the plastic range, and any additional 
stresses set up for bending the metal around the drawing edge will lessen 
the drawability of the material. 

The Motion stresses have boon considered in the fundamental equation 
1 for the drawing process but have later been omitted under the assump- 
tion that they will be approximately the same for different materials. 
This wifi not hold true -for materials with widely different ultimate ten- 
sile-stroDigth values and surface conditions. High ultimate strength 
necessitates a greater blankholder pressure and in turn produces greater 
friction even if the cooflBiciont of friction could be kept the same as for 
matorials of lower tensile strength through proper selection of the 
lubricant. Certain materials, furthermore, are what is called “self- 
lubricating,” while others show a tendency in the opposite direction. 
If the friction is greater for one material, its drawing values will also 
be lower. 

Another point, which has not been considered as yet, is the speed of 
the drawing operation, which is greatly in excess of the speed in any 
testing machine. In so far as different materials show similar changes 
in mechanical properties if a higher rate of speed is applied there will be 
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no influence but any probable greater difference in any of the properties 
by some material should be given due consideration. 

In spite of these reservations, which must be made in interpreting 
these curves, their simplicity is striking and the relative position of the 
curves in Fig. 7 corresponds closely to the deep-stamping characteristics 
and Erichsen values, and is in satisfactory agreement with the practical 
experience on the drawing properties of these metals. Furthermore, the 
modified stress-strain curves give information on the probable behavior of 
metals in deep drawing to the full extent of their plastic deformation. 

All investigations on the deep-stamping properties of metals have 
been limited heretofore to an analysis of the drawing of the annealed 
material in a so-called “first” draw* and no predictions on the drawing 
qualities of metals already strain-hardened could be made except from 
observations obtained in empirical tests and in practice. 

The material that has passed through the first drawing operation is 
strain-hardened, and if not annealed it requires greater stresses for 
f urther cold deformation in redrawing. This behavior might be explained 
as a composite stress composed of a stress required in accordance with 
the deformation that has already taken place and an additional stress 
to produce whatever further deformation is called for in the subsequent 
draw (provided the computation is based on the actual stress-strain curve 
of the annealed material). 

Certain conclusions on the probable behavior of the investigated 
materials in redrawing can now be drawn from the modified stress-strain 
curves in examining the higher regions of plastic deformation. As 
Fig. 7 shows, the various curves change their relative position if the 
plastic deformation is extended. 

The 18 per cent Cr, 2 per cent Ni composition assumes a unique 
position in reversing entirely its original relative drawability. The 
form of the curve for the 18-2 alloy seems to indicate that this alloy can 
be redrawn with ease and might not require aimeaUng to effect substantial 
plastic deformation in drawing. Considering the high tensile strength 
of the 18-2 stainless alloy, an allowance for increased friction must 
most certainly be made, however, and this might lower the indicated 
drawing properties for redrawing to some extent. The author has just 
started a series of practical tests on the 18-2 composition, as very little 
information could be found in the literature to check whether the actual 
drawing qualities of the alloy conform with the properties indicated by 
its modified stress-strain curve.' The results of these experiments will 
be published in due course. 

Next to the 18-2 stainless variety, the other met als assume relative 
positions that correspond fairly well to their actual performance known 

‘ The author is now working on a matheniatioal formulation of the oonditiomi in 
subsequent drawing operations of strain-hardened material. 
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in practice. Copper Siiiris quickly the bent clcop-stumping qualitiew 
and the general character of its modified stress-strain curve relative to 
trhe ol.her curves suggests uniform properties, which together with its 
low ullimate strength and self-lubricating qualities gives this material 
the position it holds among the deep-drawing metals, l^'or extremely 
heavy cold deformations copper is susceptible, however, to somewhat 
greater work-hardening than some of the other materials. 

Armoo ingot iron, representing a typical low-carbon steel for deep 
drawing, and the straight 18 per cent Or stainless iron, which behaves 
very much like Arinco ingot iron, also improve their drawing properties with 
increasing plastic deformation and show little work-hardening. 

Brass of a composition selected here (72.3 per cent Cu) and the 18-8 
chrome-nickel steel lose con.siderably on drawability in extended defor- 
mation, showing extreme work-hardening and soon reaching a stage 
whore the possible rod\ictions in subseciucnt draws would apparently 
become so small that it would not bo economical to further process them 
without annealing. The behavior of these two alloys is well known and 
it is gratifying to see how well their modified stress-strain curves cor- 
respond with actual experience. 

Aluminum also assumes a peculiar position in Fig. 7, as it bettors its 
place with the extent of its deformation. There is considerable strain- 
hardening at the early stage of plastic deformation but once beyond 
this range the modified curve for aluminum flattens out perceptibly, 
indicating that even after largo plastic cold deformation satisfactory 
reductions should be possible without fracture of the material, a per- 
formance that is also well confirmed by the actual behavior of the deep- 
drawing grades of aluminum. 

Summing up, it can bo stated that the divergencies of the modified 
stress-strain curves of the various metals investigated correspond closely 
to their known behavior in deep drawing and that all the deductions made 
follow readily from the character of these curves and do not require the 
usual twisted and doubtful explanations necessary when a questionable 
theory is brought into alignment with actual performance. 


Limit for First Draw According to DuBi'-sTAMPiNa Chahaotbristic 


To estimate the extent to which a metal can be deformed in the first 
draw without fracture, equation 2 may be used by substituting for S 
the integral I as follows: 

’rd8cr,„„ S C'‘‘“(2 mH + 2irarit>„„) 2a] 


This equation can be written in the following form: 
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which has on its left side the values of the ordinates in the diagram of 
the deep-stamping characteristics (Fig. 5). 

For the ideal state without friction the coefficient of friction is zero 
and equation 8 takes the following form: 



The line representing this formula has been drawn into Fig. 5 (dotted 
line) showing in the intersection of this line with the deep-stamping char- 
acteristics the limit to which the material could be drawn provided there 
were no friction and, of course, no margin of safety. 

To make proper allowance for the friction, equation 8 must be con- 
sidered. The first term on the right side must be divided by 0"'“ and 
assuming a mean value for the coefficient of friction ju = 0.15 and the 
angle of the drawing edge a = ir/2, as mostly in practice, the value for 
C''‘“ is 1.265. The second term of equation 8 is very small and diminishes 
with increasing blank diameters and thickness of the blank very rapidly. 

To represent these conditions, two additional lines (solid lines) have 
been drawn on Fig. 5. One line shows the actual deep-drawing limit for 
heavy-gage material and large blanks, and the other line the limit for 
light gages and small blanks. As before, their intersection with the 
deep-stamping characteristics indicates the limit to which the material 
can be reduced without fracture. This limit will be further reduced in 
practice, as a safety factor must be allowed. 

It must again be emphasized that the indicated drawing limits as 
well as the deep-stamping characteristics have no absolute meaning and 
should be judged only under due consideration of the various reserva- 
tions, which have been referred to on numerous occasions in this paper. 
If used in such a way these curves should be of value and should facilitate 
the explanation of many failures and prove its worth in further research 
on the deep-drawing properties of metals and on the probable behavior 
of new alloys or allosdng additions to basic materials. 

There is one problem in deep drawing which has not been discussed 
in this paper because it does not find a direct explanation through the 
deep-stamping characteristics or the modified stress-strain curves. This 
is the appearance of surface strains on deep-drawn shells, often called 
orange peel, and their probable relation to the flow figures or Liider’s 
lines observed on tensile-test specimens of certain materials. 

SUMMART 

It has been shown that an intimate relation exists between the 
actual stress-strain curve with the actual elongation as abscissa and the 
deep-stamping properties of metals. 

The equations that represent the conditions of stress upon the material 
in a deep-drawing operation have been briefly explained and the extent 
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of their agrecineut with the actual deformation in deep drawing has been 
outlined. Based on these equations, deep-stamping characteristics 
have been developed for various metals, showing the relative deep-draw- 
ing properties of these materials and leading to the following statements; 

1. All other factors being equal, the deep-stamping qualities of any 
material are in inverse proportion to the resultant compressive stresses 
divided by the nominal ultimate strength. 

2. All other factors being equal, the deep-stamping qualities of any 
material are in inverse proportion to the position of its modified stress- 
strain curve found in dividing all unit stresses by the nominal ulti- 
mate strength. 

The curves that have been constructed in accordance with these state- 
ments are in satisfactory agreement with experiments and actual practice, 
in particular with the lOrichsen values on deep-drawing properties. 

The modified stress-strain curves lead to valuable conclusions on the 
behavior of the metal in subsequent drawing operations without inter- 
mediate annealing and show clearly the effects of the work-hardening of 
certain metals in such operations. 

The limits to which the metal can be drawn in a first drawing operation 
without fracture have also been shown under the assumption of the 
ideal state of drawing without friction and under conditions closely 
approaching the actual performance in practice. Straight lines express- 
ing these limits have been entered into the diagram of the deep-stamping 
characteristics, also conforming satisfactorily with actual experience. 
They are in agreement with the known fact that the permissible reduction 
in one draw is loss for thin-gage material and small blank diameters than 
for metal of heavier gage and large blank diameters. 
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